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ABSTRACT 

Application  of  three-dimensional  inviscid  and  viscous  (laminar  boundary  layer) 
analyses  for  cold  wall  hypersonic  flows  over  sharp  cones  at  incidence  is  presented  relative 
to  experimental  data,  showing  surface  upwash  angles  and  entrained  vortex  formation  leading 
to  crossflow-induced  boundary-layer  transition.  Three-dimensional  neutral  inviscid  stability 
theory  for  stationary  disturbances  is  used  to  calculate  the  angular  orientation  of  the 
entrained  vortices  in  the  boundary  layer  while  a  maximum  crossflow  Reynolds  number 
concept  is  applied  for  correlation  of  the  onset  to  vortex  formation  due  to  crossflow 
instability.  In  general,  excellent  agreement  between  boundary-layer  theory  and  experiment 
is  obtained  relative  to  surface  upwash  angles.  The  inviscid  stability  theory  yields  reasonable 
estimates  for  the  vortex  angular  orientation  while  the  correlation  of  distance  to  onset 
of  vortex  formation  by  a  critical  maximum  crossflow  Reynolds  number  concept  is  in  good 
agreement  with  previous  investigations  on  swept  cylinders  and  wings  under  subsonic  and 
supersonic  conditions.  The  calculated  surface  upwash  angle  and  maximum  crossflow 
Reynolds  number  are  found  to  be  sensitive  to  wall  temperature  effects  with  the  larger  values 
of  the  angle  or  crossflow  Reynolds  number  occurring  with  the  hotter  wall. 
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SECTION  I 
INTRODUCTION 

The  laminar  boundary  layer  on  a  sharp  cone  at  incidence  is  of  practical  importance 
in  several  applications,  such  as  high-speed  aircraft  and  lifting  reentry  vehicles.  For  lifting 
reentry  in  particular,  a  knowledge  of  the  full  three-dimensional  boundary-layer  properties 
is  essential  for  accurately  estimating  the  local  heat-transfer  and  skin-friction  distributions 
around  the  vehicle,  including  the  determination  of  separated  flow  regions.  In  addition, 
information  yielding  the  surface  streamline  direction  of  the  three-dimensional 
boundary-layer  flow  is  needed  in  order  to  ascertain  boundary-layer  influence  on  vehicle 
control  surfaces. 

Existing  flight  test  data  and  recent  ground  test  data  (Refs.  1,  2,  3,  and  4)  have 
indicated  that  boundary-layer  transition,  as  well  as  spatial  distribution  of  the  transition 
front,  can  have  significant  effect  on  the  aerodynamic  behavior  of  slender  conical  reentry 
bodies  at  incidence.  Under  certain  free-stream  conditions  for  hypersonic  flow  over  a  sharp 
cone  at  incidence,  transition  from  laminar  to  turbulent  boundary-layer  flow  follows  the 
spatial  distribution  shown  below  taken  from  Ref.  4  for  a  7.2-deg,  half-angle  sharp  cone 
at  free-stream  Mach  number  eight  and  cold  wall  conditions. 


End  of  Transition 


In  general,  with  increasing  angle  of  attack  the  above-indicated  transition  movement 
undergoes  a  much  more  rapid  forward  progression  on  the  leeward  side  than  the  rearward 
progression  for  the  windward  side.  However,  under  other  free-stream  conditions,  onset 
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to  transition  does  not  occur  along  the  windward  ray  as  indicated  above  but  begins  at 
some  angular  location  off  the  windward  ray  with  the  appearance  of  streamwise-directed 
vortices  entrained  within  the  boundary  layer  (see  Ref.  5  for  excellent  photographic 
documentation  of  this  phenomenon  based  on  hypersonic  wind  tunnel  tests  of  a  nonablating 
sharp  cone  at  incidence).  Additional  results  from  Ref.  5  concerning  wind  tunnel  tests 
of  ammonium-chloride  ablating  cones  clearly  reveal  upwash  groove  patterns  eroded  in  the 
model  surface.  These  results  were  interpreted  in  Ref.  5  to  be  the  result  of  vortices 
intensifying  local  heating  rates  which,  as  the  work  by  Persen  (Refs.  6  and  7)  clearly  shows, 
is  certainly  plausible.  The  upward  inclination  of  the  grooves  on  the  ablating  cones  agreed 
closely  with  the  inclination  of  the  vortex  paths  measured  on  the  nonablating  cones  using 
an  oil-film  technique  under  similar  test  conditions.  Furthermore,  the  upward  inclination 
of  the  vortices  was  considerably  less  than  the  inclination  of  surface  streamlines  in  laminar 
flow  but  somewhat  greater  than  the  calculated  inviscid  upwash  angle  at  the  outer  edge 
of  the  boundary  layer.  The  important  point  to  be  gained  from  the  above  discussion  of 
experimental  results  is  that  entrained  vortices  are  formed  under  certain  conditions  in  the 
three-dimensional  laminar  boundary  layer  on  a  sharp  cone  at  incidence  in  a  hypersonic 
flow  under  cold  wall  conditions.  This  vortex  formation  apparently  signals  the  onset  to 
three-dimensional  crossflow-induced  transition  of  the  boundary  layer  from  laminar  to 
turbulent  flow.  It  should  be  pointed  out  that  this  entrained  vortex  phenomenon  is  not 
limited  to  sharp  cone  flows  but  has  been  observed  on  spherically  blunted  cones  as  well 
(see  Ref.  8). 

In  order  to  gain  some  insight  into  the  physical  processes  causing  vortex  formation 
and  crossflow-induced  boundary-layer  transition,  an  accurate  knowledge  of  the  influence 
of  crossflow  effects  on  the  three-dimensional  laminar  boundary  layer  is  essential.  The 
mathematical  theory  of  the  three-dimensional  laminar  boundary  layer  as  formulated  by 
Moore  (Ref.  9)  and  Hayes  (Ref.  10)  has  been  available  for  about  twenty  years.  Only 
within  the  past  four  years,  however,  have  accurate  numerical  integration  techniques  utilizing 
high-speed,  large-memory  digital  computers  become  readily  available  for  application  to  the 
three-dimensional  boundary-layer  problem.  The  reader  is  referred  to  the  works  of  Der 
and  Raetz  (Ref.  11),  Cooke  (Ref.  12),  Hall  (Ref.  13),  Powers,  Niemann,  and  Der  (Ref. 
14),  Der  (Ref.  15),  Dwyer  (Refs.  16  and  17),  Dwyer  and  McCroskey  (Ref.  18),  Krause 
(Ref.  19),  Krause,  Hirschel,  and  Bothmann  (Refs.  20,  21,  and  22),  Boericke  (Ref.  23), 
Vvedenskaya  (Ref.  24),  and  McGowan  and  Davis  (Ref.  25)  for  further  study  concerning 
the  available  analysis  techniques  for  the  complete  three-dimensional  laminar  boundary-layer 
equations. 

The  present  report  will  be  devoted  to  application  of  three-dimensional  inviscid  and 
laminar  viscous  analyses  for  cold  wall  hypersonic  flows  over  sharp  cones  at  incidence, 
and  comparison  with  experimental  data  that  show  upwash  angles  and  entrained  vortex 
formation  leading  to  crossflow-induced  boundary-layer  transition.  Three-dimensional 
neutral  inviscid  stability  theory  for  stationary  disturbances  is  used  to  calculate  the  angular 
orientation  of  the  entrained  vortices  within  the  boundary  layer  in  conjunction  with 
application  of  a  critical  maximum  crossflow  Reynolds  number  concept  for  correlation  of 
the  onset  to  vortex  formation  due  to  crossflow  instability.  Effects  of  wall  temperature 
on  surface  upwash  angles  and  maximum  crossflow  Reynolds  numbers  are  presented  relative 
to  ground  testing  of  slender  cones  at  incidence  under  hot  wall  conditions  in  hypersonic 
wind  tunnels. 
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SECTION  II 

ENTRAINED  VORTEX  FORMATION 
IN  THE  LAMINAR  BOUNDARY  LAYER 

The  present  study  is  devoted  to  analysis  of  experimental  measurements  revealing 
formation  of  entrained  vortices  in  the  three-dimensional  laminar  boundary  layers  on  sharp 
cones  at  incidence  in  hypersonic  flow.  In  order  to  understand  physically  how  and  when 
these  entrained  vortices  appear  in  the  laminar  boundary  layer,  the  present  section  is  devoted 
to: 

1.  Review  of  recent  literature  on  the  cross-hatching  phenomenon  since  the 
formation  of  entrained  vortices  in  the  boundary  layer  apparently  is 
connected  with  the  origin  of  cross-hatching. 

2.  Formulation  of  three-dimensional  neutral  inviscid  stability  theory  for 
stationary  disturbances  with  application  to  the  calculation  of  angular 
direction  for  stationary  vortex  orientation  in  the  boundary  layer. 

3.  Application  of  the  critical  maximum  local  crossflow  Reynolds  number 
concept  to  the  correlation  of  onset  to  vortex  formation  in  the 
three-dimensional  laminar  boundary  layer. 

2.1  FORMATION  OF  ENTRAINED  VORTICES  AND  THEIR  RELATIONSHIP  WITH 
THE  CROSS-HATCHING  PHENOMENON 

The  appearance  of  streamwise  vortices  entrained  in  the  laminar  boundary  layer  as 
discussed  in  Section  I  is  not  a  new  phenomenon  but  is,  in  fact,  well-known  and 
well-documented  with  respect  to  the  cross-hatching  problem.  Wilkins  (Ref.  26)  and  Wilkins 
and  Tauber  (Ref.  27)  noted  the  formation  of  streamwise  directed  grooves  in  the  surface 
of  recovered  models  from  ballistic-range  tests.  Larson  and  Mateer  (Ref.  28)  showed  that 
the  cross-hatching  process  appeared  to  originate  at  or  just  after  the  end  of  boundary-layer 
transition  in  a  supersonic  flow.  Whether  ablation  itself  was  a  necessary  condition  for 
cross-hatching  or  merely  a  means  of  recording  the  event  could  not  be  determined.  The 
paper  by  Canning,  Tauber,  Wilkins,  and  Chapman  (Ref.  29)  cites  experimental  evidence 
for  the  presence  of  arrays  of  stationary  vortices,  and  it  is  conjectured  that  the  presence 
of  these  vortices  may  be  connected  with  the  origin  of  cross-hatching.  Furthermore,  the 
cross-hatch  spiral  angle  is  shown  to  correlate  well  with  the  boundary-layer  edge  Mach 
angle  up  to  an  edge  Mach  number  of  approximately  two.  For  higher  edge  Mach  numbers 
the  cross-hatch  spiral  angle  is  greater  than  the  edge  Mach  angle,  suggesting  that  the 
*  disturbance  causing  the  standing-wave  system  responsible  for  the  cross-hatching  can  be 
near  the  edge  or  deeper  within  the  boundary  layer  as  the  edge  Mach  number  increases. 
The  extensive  study  by  Laganelli  and  Nestler  (Ref.  30)  using  wind  tunnel  and  rocket 
exhaust  models  constructed  from  various  materials  (Teflon®,  phenolic  nylon,  carbon 
phenolic,  and  wood)  as  well  as  recovered  flight  vehicles  shows  clearly  that  the  cross-hatching 
pattern  phenomenon  is  not  limited  to  melting  ablators  but  also  occurs  in  charring  and 
subliming  materials.  In  general,  the  experimental  evidence  indicates  that  the  formation 
of  cross-hatched  patterns  requires  a  supersonic  turbulent  boundary  layer,  and  can  be 
promoted  by  longitudinal  grooving,  surface  roughness,  and  mass  addition. 
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Based  on  the  above-discussed  experimental  results,  Tobak  (Ref.  31)  has  postulated 
a  hypothesis  for  the  origin  of  cross-hatching  based  on  the  presence  of  an  array  of  stationary 
vortices  entrained  within  the  boundary  layer  which,  in  turn,  implies  the  presence  of  standing 
waves  capable  of  producing  the  cross-hatch  patterns.  His  hypothesis  may  be  summarized 
as  follows:  Cross-hatching  is  the  result  of  spatially  periodic  variations  in  surface  pressure 
in  both  the  spanwise  and  longitudinal  directions.  The  source  of  the  pressure  variations 
is  the  presence  within  the  boundary  layer  of  an  array  of  regularly  spaced  counterrotating 
stationary  vortices.  These  vortices  originate  from  surface  irregularities  near  the  leading  edge 
of  the  body;  the  probability  of  their  appearance  is  enhanced  by  the  existence  of  small 
amounts  of  concave  curvature  of  the  boundary-layer  streamlines.  Surface  ablation  is  not 
a  necessary  condition  for  the  presence  of  the  pressure  variations  that  lead  to  cross-hatching, 
but  may  serve  as  the  mechanism  causing  the  streamline  curvature  and  as  a  means  of 
reinforcing  and  spreading  the  cross-hatch  pattern  once  it  appears. 

The  key  point  in  all  of  the  above  is  the  formation  of  stationary  vortices  within  the 
boundary  layer.  Persen  (Ref.  32)  has  compiled  an  excellent  survey  of  experimental  evidence 
of  the  appearance  of  streamwise-directed  vortices  in  fluid  flow.  Most  experiments  aimed 
at  visualizing  the  streamwise  vortices  are  in  one  way  or  another  relying  on  an  effect 
schematically  exhibited  below. 


The  oil-flow  technique,  such  as  used  by  McDevitt  and  Mellenthin  (Ref.  5),  is  based  on 
the  principle  that  liquids  coated  on  the  surface  of  a  body  in  a  flow  field  will  move  in 
the  same  way  as  the  fluid  flow  at  the  surface.  In  use  of  this  technique,  built-up  ridges 
in  the  manner  schematically  indicated  above  represent  evidence  that  streamwise  directed 
vortices  are  present  in  the  flow.  As  discussed  by  Persen  (Ref.  32)  the  following  features 
of  the  vortex  system  must  be  considered  as  experimentally  proven: 

1.  The  sidewise  location  of  each  vortex  is  fixed  and  exhibits  a  remarkable 
stability  in  the  region  where  they  are  pronounced. 

2.  The  vortex  system  breaks  up  further  downstream.  Two  conclusions  can  be 
drawn  from  this  observation: 

a.  The  vortex  characteristics  must  be  a  function  of  the  streamwise 
coordinate,  and  the  changes  which  appear  with  increasing  distance 
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must  be  such  that  the  vortex  becomes  unstable  and  breaks  down 
introducing  a  highly  irregular  motion  (turbulence). 

b.  The  vortex  system  seems  to  be  in  an  intermediate  state  which, 
in  view  of  stability  theory,  is  introduced  between  a  laminar 
motion  upstream  and  the  turbulent  motion  downstream. 

3.  In  the  two-dimensional  cases  the  vortices  seem  to  be  confined  into  ''boxes1' 
of  constant  width  X  in  the  crosswise  direction  to  the  main  flow  direction 
which  is  sometimes  referred  to  as  a  "selective  wavelength".  The  height  of 
these  "boxes"  is  a  function  of  the  streamwise  coordinate. 

4.  The  wavelength  X  does  not  depend  on  the  type  of  disturbance  which  may 
have  initiated  the  creation  of  the  vortex  system.  The  wavelength  is  probably 
determined  by  a  stability  condition. 

For  the  purposes  of  the  current  investigation  the  important  point  from  the  above  discussion 
is  simply  that  the  origin  of  the  vortex  system  seems  to  be  directly  related  to  the  onset 
of  transition  in  the  boundary  layer. 

2.2  THREE-DIMENSIONAL  BOUNDARY-LAYER  STABILITY  THEORY 

Boundary-layer  stability  theory  cannot  currently  be  used  to  predict  either  the 
nonlinear  details  of  the  boundary-layer  transition  process  or  the  location  of  transition 
onset.  Stability  theory  can,  however,  establish  which  laminar  boundary-layer  profiles  are 
unstable  and  the  initial  amplification  rates  of  specific  critical  frequencies.  A  good  and 
current  review  of  the  analytical  methods  used  to  attempt  prediction  of  the  location  of 
transition  from  stability  theory  is  presented  by  Jaffe,  Okamura,  and  Smith  (Ref.  33). 
However,  it  is  to  be  emphasized  that  a  thorough  study  of  the  connection  between  stability 
and  transition  still  remains  to  be  completed.  For  the  reader  interested  in  general  study 
of  modem  boundary-layer  stability  theory  using  digital  computer  techniques,  the  author 
highly  recommends  the  excellent  comprehensive  survey  by  Mack  (Ref.  34).  For  an  overview 
of  the  complete  stability  problem  with  emphasis  on  hypersonically  traveling  bodies,  see 
the  recent  report  by  Morkovin  (Ref.  35). 

With  respect  to  three-dimensional  boundary-layer  stability  theory,  the 
three-dimensional  nature  of  the  boundary-layer  velocity  profiles  plays  a  crucial  role. 
Referring  to  Fig.  1  (Appendix  I),  the  velocity  vector  at  a  position  x,g,  zsg  of  the  surface 
is  seen  to  twist  out  of  the  plane  defined  by  the  normal  direction  ysg  and  by  the  outer 
streamline,  i.e.,  by  the  xsg-direction.  With  the  aid  of  the  decomposition  of  the  twisted 
vector  family  on  the  streamwise  xsg-ysg  tangential  plane  and  the  ysg-zs£  crossflow  plane, 
one  can  begin  to  visualize  the  three-dimensional  vorticity  distribution  which  ultimately 
feeds  the  unstable  vorticity  disturbances  and  which  may  be  thought  of  as  a  superposition 
of  Fourier  components  of  all  orientations  for  the  disturbances  at  the  given  point  xs£, 
zsg.  However,  as  one  proceeds  to  the  neighboring  points  the  local  orientation  of  the 
wavefront  may  change  because  of  nonuniformity  of  the  crossflow.  In  other  words,  from 
a  global  view,  the  wavefronts  of  a  given  family  may  be  curved.  One  should  examine  the 
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eigenvalue  problem  and  local  amplification  rates  in  all  these  possible  directions  and  find 
that  direction  in  which  the  profile  is  first  unstable  and  that,  in  which  it  has  maximum 
amplification  at  a  higher  Reynolds  number.  The  wave  disturbances  with  the  front  parallel 
to  the  zs£-axis  in  Fig.  1  correspond  to  the  normal  two-dimensional  Tollmien-Schlichting 
waves  with  their  viscosity-induced  relatively  low  amplifications.  The  wave  disturbances  with 
a  wavefront  along  the  xsg-axis  are  primarily  sensitive  to  the  crossflow  velocity  profile 
wsfi.  Figure  1  shows  that  this  profile  has  a  point  of  inflection  indicating  the  possibility 
of  a  more  rapid  inviscid  amplification  along  that  direction  (see  Section  III-2  of  Ref.  35 
for  clarification). 

In  Part  II  of  the  paper  by  Gregory,  Stuart,  and  Walker  (Ref.  36),  Stuart  shows  that 
the  presence  of  these  inflection  points  makes  possible  a  meaningful  simplification  of  the 
governing  stability  equations,  namely  the  inviscid  approximation.  He  singles  out  a  plane 
rotated  past  the  crossflow  plane  of  Fig.  1  in  which  the  point  of  inflection  of  the  rotated 
velocity  profile  coincides  with  the  ysg-axis  in  Fig.  1,  i.e.,  has  zero  velocity  with  respect 
to  the  wall  at  a  height  yc  as  illustrated  schematically  below. 


Roughly)  amplification  of  that  family  of  waves  corresponds  to  an  increasing  concentration 
of  vorticity  oriented  perpendicularly  to  that  special  plane  at  a  height  yc.  Because  of  the 
vanishing  relative  velocity,  this  vorticity  concentration  will  form  a  stationary  wave  and 
can  be  made  visible  by  sublimation,  oil-flow,  or  smoke  techniques.  It  is  this  type  stationary 
wave  which  is  observed  as  streaks  in  the  oil-flow  results  of  Ref.  5  and  the  china-clay 
results  of  Ref.  36. 
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The  theoretical  background  for  stability  analysis  of  three-dimensional  compressible 
boundary  layers  has  been  formulated  by  Reshotko  (Ref.  37)  based  on  his  earlier  analysis 
(Ref.  38)  of  the  two-dimensional  compressible  boundary-layer  stability  characteristics.  For 
Reynolds  numbers  sufficiently  large  that  the  dissipation  terms  in  the  disturbance  energy 
equation  are  negligible,  the  stability  of  a  three-dimensional  boundary  layer  to  a  plane-wave 
disturbance  of  arbitrary  orientation  is  shown  to  reduce  to  a  two-dimensional  stability 
problem  governed  by  the  boundary-layer  velocity  profile  in  the  direction  of  wave 
propagation  and  by  the  mean  temperature  profile. 

As  discussed  in  Section  III  of  Ref.  38,  the  governing  disturbance  equations  of 
boundary-layer  stability  theory  are  regular  everywhere  except  in  the  limit  ysg  -►  «,  and 
the  solutions  of  these  equations  are  analytic  functions  of  Od  (wave  number  of  the 
disturbance),  c  (propagation  velocity  of  the  disturbance),  and  a  Reynolds  number  Re,ef 
based  on  a  reference  length  for  all  finite  values  of  these  parameters.  The  quantity  (ad 
R^ef)'1  appears  in  the  disturbance  equations  as  a  parameter  multiplying  the  highest  order 
derivatives,  and  hence  the  method  of  asymptotic  expansions  valid  for  (ad  Reref)  » 1 
may  be  applied  by  division  of  the  disturbances  into  slowly  varying  solutions  that  are  largely 
inviscid  across  the  entire  flow  and  "viscous"  rapidly  varying  functions  near  the  surface. 
The  resulting  disturbance  equations  obtained  by  taking  the  limit  as  (Od  Reref)  -►  -  are 
called  the  inviscid  equations  since  they  are  identical  with  the  equations  obtained  by  ignoring 
altogether  viscosity  and  thermal  conductivity. 

Consider  a  point  on  the  surface  of  a  body  on  which  there  develops  a  three-dimensional 
boundary  layer.  It  is  assumed  that  the  profile  of  the  steady  laminar  boundary  layer  is 
known  at  this  point  in  terms  of  the  component  profiles  in  two  mutually  orthogonal  surface 
coordinate  directions  x  and  z  as  shown  in  Fig.  2.  The  velocities  in  the  x-  and  z-directions 
are  u  and  w,  respectively.  The  resultant  external  velocity  VUe2  +  We2  makes  an  angle 
^  =  tan-1  (We/Ue)  with  the  x-axis.  Now  examine  the  disturbance  taken  to  be  an  oblique 
plane  wave  propagating  at  an  angle  6  relative  to  the  x-direction.  Any  fluctuating  quantity 
F  (velocity,  temperature,  density,  etc.)  may  be  described  by  the  complex  relation  (see 
Ref.  38  for  clarification) 

F(x,y,z,t)  =  f(y)  exp  [iad  (x  cos  6  +  z  sin  8  -  ct)]  (1) 

where  f(y)  denotes  the  fluctuation  amplitude,  ad  the  wave  number  of  the  disturbance, 
and  c  the  disturbance  propagation  velocity.  The  wave  number  ad  is  considered  as  a  real 
quantity,  while  the  propagation  velocity  c  is  complex.  Disturbances  are  termed  to  be  neutral 
for  q  =  0  where  Cj  denotes  the  imaginary  part  of  the  propagation  velocity  c,  i.e., 

c  =  cr  +  iq  (2) 

with  Cj  denoting  the  real  part  (which  is  physically  the  phase  velocity  of  wave  propagation); 
disturbances  are  amplified  for  q  >  0  and  damped  for  q  <  0.  For  the  condition  q  < 
0  the  corresponding  flow  is  stable  for  a  given  value  of  Od ,  whereas  q  >  0  denotes  instability. 
The  limiting  case  q  =  0  corresponds  to  neutral  disturbances  so  that  the  locus  of  q  = 
0  can  be  considered  as  separating  the  region  of  stable  from  that  of  unstable  disturbances. 
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Restricting  attention  to  the  case  of  a  neutral  inviscid  oscillation  at  04  Reief  -*• 
Reshotko  (Refs.  37  and  38)  shows  that  the  necessary  and  sufficient  condition  for  the 
existence  of  a  neutral  purely  inviscid  oscillation  (04  Reref  *+  «)  is 


Ac  = 


(3) 


where 


W  = 


u  +  w  tan  6  tan  ip 
1  +  tan  0  tan  ip 


(4) 


u  =  u/Ue 


(5) 


W  =  w/We 

(6) 

T  =  T/Te 

(7) 

tan  ip  =  We/Ue 


(8) 


with  primes  denoting  differentiation  with  respect  to  y,  i.e.,  W'  =  dW/dy,  and  subscript 
c  denoting  that  the  required  quantities  are  to  be  evaluated  at  the  so-called  "critical  point" 
where  Wc  =  ^/[Ua  cos  (0  -  $)]  which  occurs  at  the  so-called  "critical  height"  yc  from 
the  surface.  See  Fig.  2  for  clarification  of  nomenclature. 


Now  recall  the  findings  of  Stuart  in  Ref.  36  discussed  previously  with  respect  to 
the  formation  of  a  stationary  wave  caused  by  the  coincidence  of  the  point  of  inflection 
of  the  rotated  velocity  profile  with  the  y-axis  at  the  critical  height  location  yc.  Application 
of  this  concept  to  the  three-dimensional  compressible  boundary  layer  for  a  neutral  purely 
inviscid  oscillation  (04  Re,ef  -*■  -)  forming  a  stationary  wave  requires  that 


(9) 


and 


Wc  =  (WlUe  cos  (0C  -  ip)]  =  0  OO) 

at  the  critical  height  location  yc.  Equation  (4)  shows  that 

tan  0C  =  -uc/[wc  tan  1 p]  (11) 

under  the  restriction  of  Eq.  (10)  so  that  Eq.  (9)  may  be  written  as 


uc  wc 
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which  becomes  the  controlling  relationship  for  the  location  of  the  critical  height  yc.  With 
yc  known,  Eq.  (11)  may  be  used  to  determine  the  stationary  wave  propagation  angle 
dc.  For  this  choice  of  direction  the  phase  velocity  of  the  neutral  disturbance  vanishes 
so  as  to  form  a  stationary  wave. 


For  the  case  of  incompressible  three-dimensional  boundary-layer  flow  at  constant 
temperature,  Eq.  (12)  shows  that  the  condition  for  the  formation  of  a  stationary  wave 
based  on  a  neutral  purely  inviscid  oscillation  (ad  Reref  -*■  ■»)  becomes 


—  ft 

UC 


wc" 


W, 


(13) 


which  is  in  agreement  with  the  findings  of  Stuart  in  Ref.  36  as  well  as  the  discussion 
by  Moore  (Ref.  39).  An  experimental  study  by  Gregory  and  Walker  reported  in  Ref.  36 
considered  the  case  of  a  disk  rotating  in  an  incompressible  fluid  at  rest  which  revealed, 
by  a  china-clay  technique,  the  formation  of  stationary  vortices  following  the  shape  of 
logarithmic  spirals.  Comparison  of  these  experimental  results  with  the  neutral  inviscid 
stationary  wave  analysis  by  Stuart  using  essentially  Eqs.  (11)  and  (13)  above  yielded 
qualitative  agreement  in  that  the  computed  wave  propagation  angle  0C  agreed  with  the 
measured  direction  within  one  degree.  The  analysis  of  Ref.  36  includes  a  variational 
technique  for  determination  of  the  wavelength  of  the  stationary  disturbance.  For  the 
rotating  disk  case,  the  wavelength  computed  is  four  times  too  short,  as  compared  with 
the  experimental  result.  The  authors  of  Ref.  36  ascribe  this  discrepancy  to  viscosity  (which 
has  been  neglected  in  the  inviscid-type  analysis).  However,  it  is  also  feasible  that  the  longer 
wavelength  disturbance  may  simply  be  more  strongly  amplified,  viscosity  being  neglected; 
in  plane  flow  one  finds  in  general  that  waves  of  lengths  longer  than  that  of  the  neutral 
disturbance  are  amplified  at  infinite  Reynolds  number. 

2.3  CORRELATION  OF  DISTANCE  TO  ONSET  OF  VORTEX  FORMATION  IN  THE 
THREE-DIMENSIONAL  LAMINAR  BOUNDARY  LAYER 


As  stated  in  Section  I,  one  of  the  main  objectives  of  the  present  study  concerns 
the  influence  of  three-dimensional  crossflow  effects  on  the  formation  of  streamwise-directed 
entrained  vortices  in  the  laminar  boundary  layer  on  a  sharp  cone  at  incidence  in  hypersonic 
flow.  The  previous  subsection  has  shown  that  three-dimensional  crossflow  has  an  adverse 
effect  on  laminar  boundary-layer  stability  in  that  a  system  of  streamwise  vortices  contained 
within  the  boundary  layer  may  be  formed,  apparently  because  of  the  inflection  point 
in  the  rotated  velocity  profile  which  is  unstable  to  small  disturbances.  The  exact  location 
at  which  this  vortex  system  will  originate  cannot  be  determined  from  classical 
boundary-layer  stability  theory  such  as  presented  in  the  previous  subsection. 

Instead,  the  abrupt  formation  of  these  vortices  and  also  the  development  of  complete 
turbulence,  i.e.,  transition,  in  a  three-dimensional  boundary  layer  can  apparently  be 
correlated  with  a  so-called  maximum  local  crossflow  Reynolds  number,  Xmax.  defined 
as  (Refs.  40  and  41) 


Xm  ax 


Pt  WsJ2,max  5 

Jh 


(14) 
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where  wsfi>rnax  is  the  maximum  crossflow  velocity  in  the  streamline  coordinates  of  Fig. 
1,  and  5  is  the  boundary-layer  thickness  defined  as  the  normal  distance  from  the  surface 
where  the  total  resultant  velocity 


Vu2  +  w2 


reaches  0.995  of  the  total  resultant  inviscid  edge  velocity 

Vue2  +  We2 

pe  and  pe  are  the  values  of  density  and  viscosity,  respectively,  evaluated  at  the  inviscid 
edge  conditions.  Owen  and  Randell  (Ref.  40)  found  the  critical  value  of  crossflow  Reynolds 
number  for  vortex  formation  and  for  crossflow-induced  transition  to  be  125  and  175, 
respectively,  on  swept  wings  at  subsonic  speeds.  The  work  by  Chapman  (Ref.  41)  on 
swept  cylinders  at  supersonic  speeds  (free-stream  Mach  numbers  up  to  seven)  indicates 
that 


Xmax  <  100  =*  Laminar  Boundary  Layer 

100  ^  Xmax  =  200  =>  Vortex  Formation  and  Transitional 

Boundary  Layer 

Xmax  >  200  =>  Turbulent  Boundary  Layer 

which  means  that  the  critical  crossflow  stability  criterion  of  Owen  and  Randell  may  be 
expected  to  apply  for  both  subsonic  and  supersonic  flows.  Chapman  further  found  that 
the  amount  of  crossflow  needed  to  induce  crossflow  instability  downstream  of  the  leading 
edge  was  very  small  -  on  the  order  of  one  to  five  percent  of  the  inviscid  edge  velocity 
for  the  conditions  observed.  This  means  physically  that  on  swept  wings  with  large  spanwise 
pressure  gradients,  as  well  as  sharp  and  blunt  cones  at  incidence  with  strong  circumferential 
pressure  gradients,  boundary-layer  transition  is  more  likely  to  be  caused  by  instability 
of  the  crossflow  than  by  instability  of  the  streamwise  velocity  profile  (i.e., 
Tollmien-Schlichting  instability)  because  of  the  extremely  small  amount  of  crossflow 
needed  to  cause  transition  at  small  values  of  the  local  Reynolds  number. 

SECTION  111 

ANALYTICAL  ANALYSIS 

The  present  analytical  investigation  employs  a  three-dimensional  laminar 
boundary-layer  analysis  coupled  with  a  three-dimensional  inviscid  conical  flow  analysis  for 
a  sharp  cone  at  incidence  in  a  hypersonic  stream.  Each  of  these  analyses  utilizes  a 
documented  digital  computer  code  which  will  now  be  briefly  described  for  sake  of 
completeness. 

3.1  INVISCID  FLOW 

A  recent  investigation  by  Jones  (Ref.  42)  resulted  in  an  accurate  and  efficient 
numerical  integration  procedure  for  solution  of  the  governing  partial  differential  equations 
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describing  the  supersonic  or  hypersonic  inviscid  flow  field  around  a  sharp  cone  at  incidence. 
Basically  Jones'  method  uses  the  condition  of  conicity  to  reduce  the  problem  to  a  set 
of  elliptic  nonlinear  partial  differential  equations  in  two  independent  variables.  A 
transformation  of  coordinates  is  used  to  fix  the  boundaries,  one  of  which  is  the  unknown 
shock  wave,  between  which  the  elliptic  equations  are  to  be  satisfied.  This  transformation 
also  has  the  effect  of  including  the  body  shape  in  the  coefficients  of  the  partial  differential 
equations  and  in  the  boundary  conditions,  so  that  the  same  method  can  be  used  for  general 
conical  body  shapes  simply  by  changing  a  few  program  statements  to  redefine  the  equation 
of  the  body.  In  fact,  the  method  is,  in  many  cases,  only  limited  by  locally  supersonic 
cross-flow  conditions,  by  the  entropy  singularity  moving  too  far  away  from  the  surface, 
or  by  the  shock  approaching  very  close  to  the  Mach  wave.  In  practice,  these  restrictions 
limit  the  allowable  angle-of-attack  range  to  a/8v  ^  1  (see  Fig.  3  for  clarification  of 
nomenclature). 

At  the  present  time  the  method  has  been  used  successully  for  circular  cones  and 
for  bodies  that  can  be  obtained  by  successive  perturbations  of  a  circular  cone  and  that 
do  not  have  curvatures  that  are  too  large.  Jones  (Ref.  42)  has  reported  examples  for 
circular  cones  at  incidence,  elliptic  cones,  and  a  body  whose  cross-sectional  shape  is 
represented  by  a  fourth-order  even-cosine  Fourier  series. 

The  method  is  efficient  in  computer  time  compared  with  other  fully  numerical 
techniques,  and  one  solution  takes  from  one-half  minute  to  three  minutes  on  an  IBM 
360/50  computer  for  the  circular  cone  at  incidence  -  the  time  increasing  as  the  incidence 
increases.  This  is  to  be  compared  with  a  time  requirement  of  approximately  one-half  hour 
on  an  IBM  360/50  computer  for  the  technique  developed  by  Moretti  (Ref.  43)  in  which 
the  flow-field  solution  is  obtained  by  marching  step  by  step  downstream  (approximately 
400  downstream  steps  are  required)  until  a  conicity  condition  is  sufficiently  well  satisfied. 
Comparison  of  results  between  the  Jones  and  Moretti  approaches  shows  excellent 
agreement,  with  the  Jones  digital  computer  code  being  a  factor  of  approximately  ten  faster 
than  the  Moretti  approach  in  solution  time.  An  analysis  very  similar  to  that  of  Jones 
has  recently  been  reported  by  South  and  Klunker  (Ref.  44)  while  Holt  and  Ndefo  (Ref. 
45)  have  developed  a  method  of  integral  relations  approach  to  the  problem.  The  important 
point  to  note  is  that  all  of  the  above-referenced  analyses  report  excellent  agreement  with 
experiment  for  sharp  circular  and  elliptic  cones  at  incidence  under  supersonic  and 
hypersonic  flow  conditions  so  that  the  choice  of  which  analysis  is  indeed  the  best  remains 
an  open  question.  The  present  author's  experience  with  use  of  the  Jones  digital  computer 
code  (Ref.  46)  has  been  most  favorable  from  a  user's  standpoint. 

It  should  be  pointed  out  in  conclusion  that  Jones  (Ref.  47)  has  recently  published 
a  very  complete  and  thorough  set  of  tables  for  inviscid  supersonic  and  hypersonic  flow 
about  circular  cones  at  incidence  in  “a  perfect  gas,  y  -  1.40,  stream. 

3.2  VISCOUS  BOUNDARY-LAYER  FLOW 

As  discussed  in  Section  1,  digital  computer  codes  are  now  available  (see  Refs.  11 
through  25)  for  accurate  numerical  solution  of  the  three-dimensional  laminar 
boundary-layer  equations.  For  application  in  the  present  sharp  cone  investigation,  the 
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three-dimensional  conical  flow  laminar  boundary-layer  analysis  presented  in  Appendix  B 
of  McGowan  and  Davis  (Ref.  25)  has  been  used.  This  treatment  is  very  similar  to  that 
of  Dwyer  (Ref.  17)  and  Boericke  (Ref.  23)  in  that  the  limiting  conical  form  of  the  full 
three-dimensional  compressible  laminar  boundary-layer  equations  as  originally  derived  by 
Moore  (Ref.  9)  is  solved  using  an  implicit  finite-difference  technique  for  numerical 
integration  of  the  nonlinear  parabolic  partial  differential  equations  written  in  similarity 
variable  form.  This  similarity  variable  transformation  reduces  the  number  of  independent 
variables  from  three  to  two  in  the  transformed  governing  equations  so  that  the  problem 
becomes  two-dimensional  in  form.  Since  there  are  only  two  independent  variables  in  this 
coordinate  system,  the  implicit  finite-difference  techniques  developed  by  Blottner  (Refs. 
48  and  49)  can  be  used  almost  directly  to  solve  the  governing  equations.  The  complete 
formalism  of  this  numerical  approach  is  discussed  in  Chapter  III  of  the  report  by  McGowan 
and  Davis  (Ref.  25)  to  which  the  reader  is  referred  for  further  study. 

The  necessary  outer-edge  conditions  for  input  to  the  above  boundary-layer  analysis 
are  determined  based  on  results  from  the  Jones  inviscid  sharp  cone  at  incidence  analysis 
discussed  in  Section  3.1.  The  procedure  for  specifying  the  inviscid  data  necessary  for  input 
to  the  McGowan  and  Davis  boundary-layer  analysis  is  quite  simple  in  that  only  the  pressure 
distribution  around  the  cone,  along  with  the  velocity  and  density  on  the  windward 
streamline,  must  be  specified.  All  other  inviscid  quantities  are  then  internally  calculated 
using  the  inviscid  compressible  Bernoulli  and  crossflow  momentum  equations  applied  at 
the  surface  along  with  the  restriction  that  the  entropy  remain  constant  on  the  surface; 
i.e.,  the  cone  surface  is  an  isentropic  surface.  Complete  details  of  this  procedure  are  given 
in  Section  B  of  Chapter  IV  in  the  report  by  McGowan  and  Davis  (Ref.  25). 

The  gas  is  assumed  to  be  both  thermally  and  calorically  perfect  air  having  a  constant 
ratio  of  specific  heats  7  =  1.40.  The  gas  viscosity  is  assumed  to  obey  the  Sutherland 
viscosity  law  for  air,  while  the  Prandtl  number  of  the  gas  is  taken  to  be  constant  at 
a  value  of  0.71.  The  wall  temperature  of  the  cone  is  assumed  to  remain  constant  around 
the  cone  at  a  value  prescribed  by  input  to  the  analysis. 

Experience  with  the  McGowan  and  Davis  digital  computer  code  reported  in  Ref.  25 
has  revealed  few  defects,  and  the  present  author  highly  recommends  its  use.  It  should 
be  noted  that  the  main  emphasis  of  Ref.  25  is  placed  upon  development  and  documentation 
of  a  very  general  three-dimensional  laminar  boundary ‘layer  analysis  for  general  body 
geometry,  providing  the  inviscid  flow  field  for  the  body  in  question  is  available  from 
some  source. 


SECTION  IV 

BODY  AND  FLOW  CONDITIONS 

Most  of  the  experimental  data  reported  by  McDevitt  and  Mellenthin  in  Ref.  5  was 
taken  in  the  NASA  Ames  3.5-foot  Hypersonic  (Air)  Tunnel  on  both  ablating  and 
nonablating  sharp  cone  models  under  hypersonic  conditions.  For  the  present  investigation 
and  comparison  of  theory  with  the  experimental  data  of  Ref.  5,  only  nonablating  sharp 
cones  with  semivertex  angles  of  5,  10,  and  15  deg  will  be  considered;  all  of  the  sharp 
cones  have  base  diameters  of  3.0  in.  Only  angles  of  attack  less  than  or  equal  to  the  sharp 
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cone  semivertex  angle  can  be  analyzed  using  the  Jones  inviscid  sharp  cone  at  incidence 
analysis  (Ref.  42)  discussed  in  Section  3.1,  so  that  the  current  investigation  is  restricted 
to  the  angle- of-attack  range  a/5v  ^  1;  see  Figs.  3  and  4  for  the  sharp  cone  geometry 
and  general  nomenclature. 

All  of  the  experimental  data  for  air  presented  in  Ref.  S  were  taken  at  a  nominal 
ftee-stream  Mach  number,  M^,  of  7.4  and  free-stream  Reynolds  numbers  based  on  model 
length,  Rew>L,  of  0.5  x  106  and  3.0  x  106.  The  nominal  wall-to-stagnation-temperature 
ratio,  Tw/T0,  was  0.3,  which  represents  a  relatively  cold  wall  condition.  All  of  the  present 
calculations  have  been  performed  for  these  nominal  flow  conditions  except  for  the  high 
Reynolds  number  (Re*,L  =  3.0  x  106)  condition  which  used  an  exact  Tw/T0  =  0.2857 
instead  of  the  nominal  0.30  value. 


SECTION  V 

RESULTS  AND  DISCUSSION 

Typical  comparisons  of  analytical  results  from  the  Jones  (Refs.  42  and  46)  and 
McGowan  and  Davis  (Ref.  25)  analyses  relative  to  the  experimental  data  of  McDevitt  and 
Mellenthin  (Ref.  5)  for  sharp  cones  at  incidence  in  a  hypersonic  flow  will  now  be  presented. 
The  flow  conditions  used  in  the  calculations  are  those  presented  in  Section  IV  and 
correspond  to  the  experimental  conditions. 

The  surface  upwash  angles  for  5-,  10-,  and  15-deg  half-angle  sharp  cones  at  various 
incidence  angles  are  given  in  Figs.  5  and  6;  definition  of  the  upwash  angle  may  be  found 
in  Figs.  3  and  4  where  ej  denotes  the  inviscid  upwash  angle  based  on  the  Jones  invisdd 
sharp  cone  at  incidence  analysis  (Refs.  42  and  46)  and  es  denotes  the  surface  upwash 
angle  which  corresponds  to  the  measured  oil-flow  results  as  well  as  the  calculated  values 
from  the  McGowan  and  Davis  (Ref.  25)  laminar  boundary-layer  analysis.  Comparison  of 
Figs.  5  and  6  reveals  that  for  these  flow  conditions  the  maximum  surface  upwash  angle 
is  approximately  a  factor  of  four  greater  than  the  calculated  maximum  inviscid  upwash 
angle.  This  is  a  clear  indication  of  the  large  amounts  of  crossflow  present  in  these 
three-dimensional  laminar  boundary  layers.  Further  note  that  the  angular  location  0  of 
maximum  upwash  angle  increases  as  the  angle  of  incidence  increases  due  to  increasing 
three-dimensional  crossflow.  In  general,  the  agreement  between  the  calculated  and  measured 
surface  upwash  angles  in  Fig  6  is  excellent  over  the  windward  (0  deg  ^  0  ^  90  deg) 
half  of  all  three  cones.  As  the  angle  of  incidence  is  increased  for  a  given  cone,  progressive 
disagreement  between  calculated  and-  measured  values  at  the  0  =  135  deg  location  is 
observed,  especially  for  the  8V  =  5  deg  case.  It  is  suspected  that  the  crossflow  instability 
phenomenon  discussed  in  Section  II  may  be  causing  premature  boundary-layer  transition 
in  the  manner  presented  later  in  the  present  section.  The  free-stream  Reynolds  number 
is  sufficiently  low  for  these  cases  (Re^L  =  5  x  105)  that  one  would  certainly  expect 
a  priori  a  laminar  boundary  layer  over  the  entire  cone.  One  way  to  accurately  assess  if 
indeed  crossflow-induced  transitional  flow  is  present  at,  say,  the  0  =  135  deg  angular 
location  for  the  5-deg  half-angle  sharp  cone  at  4-deg  angle  of  attack,  is  to  experimentally 
measure  the  circumferential  heat-transfer  distribution  around  the  cone  for  comparison  with 
the  McGowan  and  Davis  three-dimensional  laminar  boundary-layer  analysis  (Ref.  25). 
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The  above-discussed  results  reveal  quite  clearly  the  applicability  and  accuracy  of  the 
present  analysis  technique  for  three-dimensional  laminar  boundary  layers  on  sharp  cones 
under  cold  wall  conditions.  As  McDevitt  and  Mellenthin  point  out  in  Ref.  5,  the  effect 
of  changes  in  flow  enthalpy  at  the  wall  on  surface  upwash  angles  may  be  quite  significant, 
i.e.,  the  surface  upwash  angle  may  be  changed  by  as  much  as  50  percent  between  hot 
and  cold  wall  conditions.  Shown  in  Fig.  7  are  the  calculated  upwash  angle  distributions 
around  a  10- deg  half-angle  sharp  cone  at  5-deg  angle  of  attack  for  various  values  of  the 
wall  temperature  ratio.  Also  presented  in  Fig.  7  is  the  corresponding  inviscid  surface  upwash 
angle  for  sake  of  comparison.  Note  that  the  upwash  angle  for  the  "hot"  Tw/T0  =  0.90 
condition  is  approximately  three  times  the  value  for  the  "cold"  Tw/T0  =  0.0  case.  Further 
note  that  the  angular  location  of  maximum  upwash  angle  shifts  from  0  »  110  deg  for 
the  "cold"  Tw/Tc  =  0.0  condition  to  <f>  «  120  deg  for  the  "hot"  Tw/T0  =  0.90  case. 
A  cross-plot  of  the  data  in  Fig.  7  is  shown  by  Fig.  8  in  terms  of  the  surface  upwash 
angle  variation  with  wall  temperature  ratio  for  a  given  angular  location.  The  important 
point  to  note  from  these  two  figures  is  that  the  three-dimensional  laminar  boundary  layer 
on  a  sharp  cone  at  incidence  is  extremely  sensitive  to  the  wall  temperature  level  with 
respect  to  the  amount  of  turning  due  to  crossflow.  This  has  important  implications  in 
connection  with  hypersonic  wind  tunnel  testing  under  hot  wall  conditions  relative  to  flight 
cold  wall  conditions  for  such  aerodynamic  parameters  as  static-stability  coefficients  on 
lifting  reentry  configurations  at  incidence,  as  will  be  discussed  at  greater  length  later  in 
this  section. 

As  discussed  in  Section  I,  McDevitt  and  Mellenthin  (Ref.  5)  experimentally  observed 
via  an  oil-film  technique  the  formation  of  entrained  vortices  in  the  three-dimensional 
laminar  boundary  layer  on  sharp  cones  at  incidence  under  cold  wall,  high  Reynolds  number, 
hypersonic  wind  tunnel  conditions.  The  measured  upward  inclination  of  these  vortices 
was  considerably  less  than  the  corresponding  inclination  of  the  surface  streamlines  but 
somewhat  greater  than  the  calculated  inviscid  upwash  angle  at  the  outer  edge  of  the 
boundary  layer.  As  presented  in  Section  2.2,  three-dimensional  compressible  boundary-layer 
stability  theory  following  Refs.  37  and  38  can  be  applied  through  Eqs.  (11  and  12)  to 
determine  neutral  purely  inviscid  oscillations  forming  a  stationary  wave  which  the  results 
of  Ref.  36  show  to  be  in  qualitative  agreement  with  the  measured  direction  of  stationary 
vortices  formed  on  a  rotating  disk  in  an  incompressible  fluid  at  rest. 

At  this  point  the  stability  theory  of  Section  2.2  will  be  applied  to  the  sharp  cone 
flows  of  Ref.  5  with  respect  to  angular  orientation  of  the  stationary  vortices  formed  due 
to  crossflow  instability.  The  controlling  relationship  for  the  location  of  the  critical  height 
yc  at  which  the  phase  velocity  of  the  neutral  disturbance  vanishes  so  as  to  form  a  stationary 
wave  entrained  within  the  three-dimensional  boundary  layer  is  given  by  Eq.  (12)  solely 
in  terms  of  the  boundary-layer  axial  and  circumferential  velocity  profiles  and  their 
derivatives  as  well  as  the  boundary-layer  static  temperature  profile  and  its  derivative. 
Presented  in  Tables  I  through  IV  are  the  tabulated  boundary-layer  profiles  based  on  the 
three-dimensional  laminar  boundary-layer  analysis  of  McGowan  and  Davis  (Ref.  25)  applied 
to  the  four  cases  for  which  McDevitt  and  Mellenthin  (Ref.  5)  present  experimental  results 
for  vortex  angular  orientation,  namely  the  #  =  90-deg  body  location  on  a  10-deg  half-angle 
sharp  cone  at  5-deg,  6-deg,  and  8-deg  angles  of  attack  as  well  as  a  1 5-deg  half-angle  sharp 
cone  at  5-deg  angle  of  attack.  It  is  to  be  noted  that  the  velocity  profiles  in  Tables  I 
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through  IV  are  relative  to  the  body  fixed  coordinate  system  of  Figs.  3  and  4.  Use  of 
these  profiles  in  Eq.  (12)  to  determine  the  critical  height  yc  which  is  then  used  in  Eq. 
(11)  to  determine  the  stationary  wave  propagation  angle  0C  yields  the  calculated  vortex 
angles  ev  (where  ev  =  90  deg  +  0C)  shown  in  Fig.  9  denoted  as  x  symbols;  see  Figs. 
3  and  4  for  clarification  of  the  vortex  angle  ev  definition.  For  the  10-deg  half-angle  sharp 
cone,  the  three-dimensional  inviscid  neutral  stationary  disturbance  theory  lies  some  IS 
to  18  percent  (one  to  two  degrees)  below  the  measured  vortex  angular  orientation  at 
the  0  -  90-deg  location.  However,  the  trend  of  increasing  vortex  angle  with  increasing 
angle  of  attack  is  reasonably  well  predicted  by  the  theory.  For  the  1  S-deg  half-angle  sharp 
cone,  a  45-percent  discrepancy  (four  degrees)  between  the  three-dimensional  inviscid  neutral 
stationary  disturbance  theory  and  experiment  is  observed  at  the  0  =  90-deg  location. 

The  exact  reason  behind  the  above-indicated  discrepancy  between  theory  and 
experiment  with  respect  to  the  angular  orientation  of  the  vortex  path  is  not  clear.  Several 
possibilities  oust  relative  to  application  of  Reshotko's  three-dimensional  compressible 
boundary-layer  stability  theory  under  hypersonic  conditions.  For  free-stream  Mach  numbers 
above  two  or  three,  it  has  been  pointed  out  by  several  investigators  (Refs.  34,  35,  50, 
51,  and  52)  that  the  compressible  stability  equations  include  a  number  of  terms,  involving 
the  component  of  the  mean  boundary-layer  velocity  perpendicular  to  the  surface,  which 
are  not  negligible,  but  have  been  ignored  in  making  parallel  flow  assumptions  such  as 
used  by  Reshotko  (Refs.  37  and  38).  The  effort  of  this  vertical  velocity  component  can 
become  very  important  under  high  Mach  number  conditions  as  shown  by  Brown  (Ref. 
52).  In  addition,  the  present  application  of  Reshotko's  analysis  is  valid  only  in  the  neutral 
inviscid  stationary  disturbance  sense  which  requires  that  a*  Re^f  Section  2.2). 

At  present  it  is  not  known  under  what  circumstances  and  with  what  accuracy  the  inviscid 
theory  can  be  applied  at  finite  Reynolds  number  under  hypersonic  conditions.  It  would 
be  of  great  interest  to  apply  the  analysis  by  Brown  (Ref.  52)  to  the  present  problem 
of  stationary  vortex  formation  since  Brown  includes  all  terms  in  a  complete  set  of 
three-dimensional  stability  equations  allowing  viscous  effects  (such  as  dissipation  which 
becomes  of  increasing  importance  under  cold  wall  hypersonic  conditions).  In  this 
connection  the  tabulated  three-dimensional  laminar  boundary-layer  profiles  given  in  Tables 
I  through  IV  (Appendix  II)  of  the  present  report  are  necessary  input  to  such  an  analysis. 

In  order  to  gain  some  physical  insight  into  the  calculated  results  from  application 
of  three-dimensional  neutral  inviscid  stability  theory  for  stationary  disturbances,  Fig.  10 
shows  the  location  of  the  critical  height  yc  relative  to  the  degree  of  turning  due  to  crossflow 
in  the  three-dimensional  laminar  boundary  layer  at  the  circumferential  location  0  =  90 
deg  on  a  10-deg  half-angle  sharp  cone  at  6-deg  angle  of  attack.  Note  that  the  critical 
height  is  located  near  the  outer  edge  of  the  boundary  layer,  i.e.,  yc/5  «  0.80,  which 
means  physically  that  the  stationary  disturbance  (vortex)  formation  is  probably  not  a 
viscous-dominated  phenomenon  and  hence  may  be  adequately  described  by  an  appropriate 
inviscid  theory.  It  is  interesting  to  observe  that  the  critical  height  location  in  Fig.  10 
for  a  three-dimensional  stationary  disturbance  is  in  reasonable  agreement  with  the 
experimentally  determined  critical  heights  presented  by  Potter  and  Whitfield  (Ref.  53) 
for  nonstationary  disturbance  formation  in  two-dimensional  hypersonic  laminar  boundary 
layers.  Since  this  agreement  between  two-  and  three-dimensional  flows  is  probably 
fortuitous,  it  would  be  of  great  value  to  conduct  an  experimental  hot-wire  probe 
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investigation  similar  to  that  reported  by  Potter  and  Whitfield  for  the  present  case  of 
three-dimensional  stationary  disturbances  in  order  to  experimentally  determine  the  critical 
height  yc  for  comparison  with  three-dimensional  neutral  inviscid  stability  theory. 

As  discussed  in  Section  2.2  the  exact  location  at  which  the  stationary  vortex  system 
will  originate  cannot  be  determined  from  classical  boundary-layer  stability  theory  so  that 
recourse  must  be  taken  to  application  of  the  maximum  local  crossflow  Reynolds  number 
Xmax  in  order  to  correlate  the  onset  of  vortex  formation.  Recall  from  Section  2.3  that 

Xmax  <  100  =*  Laminar  Boundary  Layer 

100  ^  Xm«x  =■  200  =>  Vortex  Formation  and  Transitional 

Boundary  Layer 

Xmax  >  200  =>  Turbulent  Boundary  Layer 

based  on  the  criterion  by  Chapman  (Ref.  41).  Presented  in  Fig.  11  are  the  calculated 
maximum  local  crossflow  Reynolds  number  distributions  around  two  sharp  cones  at 
incidence  (5V  =  10  deg  at  a  =  5  deg  and  6V  =  15  deg  at  a  =  5  deg)  for  which  McDevitt 
and  Mellenthin  (Ref.  5)  present  photographic  documentation  of  the  onset  to  vortex 

formation  based  on  an  oil-film  technique.  Note  that  Fig. 1 1  is  given  in  laminar 

boundary- layer  similarity  format;  i.e.,  Xmax  is  divided  by  V x/L.  From  Fig.  11  and  the 
criterion  by  Chapman  reiterated  above,  a  developed  surface  plot  with  lines  of  constant 
Xmax  can  easily  be  formulated  with  respect  to  location  of  onset  to  vortex  formation. 
Such  is  presented  in  Fig.  12  for  the  two  sharp  cones  at  incidence  of  present  interest. 
Lines  of  constant  Xmax  =  100  and  200  are  shown  up  to  the  0  =  90-deg  circumferential 
location  in  order  to  delineate  the  region  of  expected  onset  to  vortex  formation.  It  is 
extremely  difficult  to  accurately  read  the  McDevitt  and  Mellenthin  photographs  with 
respect  to  actual  initial  onset  of  a  vortex  streak.  Only  two  such  points  are  presented 
for  the  10-deg  sharp  cone  case.  However,  for  the  15-deg  sharp  cone  sufficient  data  are 
available  to  form  the  shaded  band  shown  in  Fig.  12.  Based  on  these  results  it  appears 
that  vortex  formation  may  be  expected  on  sharp  cones  at  incidence  under  conditions 
where  Xmax  assumes  values  greater  than  approxiamtely  150.  It  is  impossible  to  ascertain 
if  the  boundary  layer  becomes  turbulent  for  Xmax  >  200  based  on  the  McDevitt  and 
Mellenthin  data.  What  is  needed  here  for  completeness  are  heat-transfer  measurements  in 
the  region  of  vortex  formation  and  downstream  in  order  to  clearly  delineate  the  state 
of  the  boundary  layer. 

It  is  extremely  important  to  note  from  Fig.  12  that  the  maximum  crossflow  Reynolds 
number  concept  coupled  with  the  three-dimensional  laminar  boundary-layer  analysis 
correctly  predicts  the  trend  observed  in  the  experimental  data  of  Refs.  3  and  4  that  the 
transition  movement  undergoes  a  much  more  rapid  forward  progression  on  the  leeward 
side  than  the  rearward  progression  for  the  windward  side  of  sharp  cones  at  incidence 
in  hypersonic  flow;  see  the  sketch  in  Section  I  for  clarification.  The  only  other  work,  to 
the  present  author’s  knowledge,  along  the  same  lines  as  the  above  application  of  the 
maximum  crossflow  Reynolds  number  concept  to  prediction  of  stability  boundaries  for 
aerodynamic  bodies  of  revolution  at  incidence  is  a  paper  by  Nachtsheim  (Ref.  54)  for 
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incompressible  flow  over  a  paraboloid  of  revolution  at  small-angles  of  attack  based  on  the 
small  crossflow  approximation. 

Another  important  facet  of  the  crossflow  instability  phenomenon  is  the  influence 
of  wall  temperature  level  on  the  magnitude  of  the  calculated  maximum  crossflow  Reynolds 
number  Xmax*  As  shown  very  clearly  in  Fig.  13,  increasing  wall  temperature  level  at  a 
given  circumferential  location  increases  the  value  of  Xmax  and  hence  makes  the 
three-dimensional  laminar  boundary  layer  more  susceptible  to  crossflow  instability  leading 
to  vortex  formation  and  transition.  The  reason  behind  this  behavior  can  be  seen  from 
Figs.  14  and  15  which  present  the  variation  of  the  maximum  crossflow  velocity  (in 
streamline  coordinates)  and  the  boundary-layer  thickness  (in  similarity  form)  with  respect 
to  wall  temperature  for  three  different  circumferential  locations  around  the  cone.  Note 
that  the  maximum  crossflow  velocity  is  increased  by  approximately  a  factor  of  three  while 
the  boundary-layer  thickness  is  increased  by  approximately  a  factor  of  two  as  the  wall 
temperature  level  is  increased  from  Tw/T0  =  0.0  to  Tw/T0  =  0.90.  Since,  from  Eq.  (14), 

Pc  ws£,max  ^ 


with  pe  and  Pe  being  determined  by  the  local  inviscid  edge  conditions  (which,  of  course, 
are  independent  of  wall  temperature  level),  the  above  results  reveal  that  the  increase  of 
the  maximum  crossflow  Reynolds  number  with  wall  temperature  level  at  a  given 
circumferential  location  as  shown  in  Fig.  13  is  totally  due  to  the  sensitivity  of  the 
three-dimensional  laminar  boundary-layer  crossflow  velocity  profile  and  boundary-layer 
thickness  to  changes  in  the  wall  temperature  level.  In  general,  the  hotter  the  wall,  the 
greater  the  crossflow  velocity  and  boundary-layer  thickness  which  leads  to  greater  instability 
(due  to  increasing  crossflow  effects)  in  the  three-dimensional  laminar  boundary  layer. 

It  is  very  important  to  recognize  from  Fig  13  that  severe  wall  cooling  (Tw/T0  -*■ 
0)  can  render  the  present  sharp  cone  (6V  =  10  deg  at  a  -  5  deg)  stable  to  three-dimensional 
crossflow  instability  over  the  entire  body  for  the  given  flow  conditions  based  on  a  value 
of  Xmax  >  150  required  for  onset  to  vortex  formation.  Recalling  the  significant  influence 
of  boundary-layer  transition  on  slender  bodies  at  incidence  relative  to  static-stability 
characteristics  as  discussed  in  Refs.  2,  3,  and  4,  the  results  of  Fig.  13  give  warning  that 
static-stability  ground  testing  in  hypersonic  wind  tunnels  under  hot  wall  conditions  on 
slender  bodies  at  incidence  may  not  be  applicable  to  cold  wall  flight  conditions  due  to 
the  crossflow  instability  phenomenon.  Much  more  work  remains  to  be  done  in  this  area 
before  a  definite  conclusion  on  this  potential  problem  area  in  relating  ground  test  results 
to  actual  flight  conditions  can  be  reached. 

SECTION  VI 

CONCLUDING  SUMMARY 

The  present  investigation  was  devoted  to  analysis  of  experimental  measurements 
concerning  surface  upwash  angles  and  entrained  vortex  formation  in  the  three-dimensional 


17 


AEDC-TR-71  -21 5 


laminar  boundary  layer  on  sharp  cones  at  incidence  in  a  hypersonic  flow.  Excellent 
agreement  with  respect  to  surface  upwash  angles  between  three-dimensional  laminar 
boundary-layer  theory  (applied  through  numerical  integration  of  the  governing 
three-dimensional  equations  using  an  implicit  finite-difference  technique)  and  experimental 
measurements  taken  in  a  hypersonic  wind  tunnel  was  obtained  for  angles  of  attack  less 
than  the  cone  half-angle.  The  angle-of-attack  restriction  was  due  to  the  three-dimensional 
invisdd  analysis  used  in  the  present  study  to  obtain  the  outer  edge  conditions  for  input 
to  the  boundary-layer  calculations.  A  strong  influence  of  wall  temperature  level  on  the 
surface  upwash  angle  was  found  to  exist  for  sharp  cones  at  incidence.  In  general,  the 
hotter  the  wall,  the  greater  the  turning  effect  on  the  three-dimensional  laminar  boundary 
layer  due  to  crossflow.  This  finding  has  application  in  the  interpretation  of  results  from 
wind  tunnel  tests  on  slender  bodies  at  incidence  under  hot  wall  conditions  relative  to 
actual  flight  conditions  in  a  cold  wall  environment. 

Attention  was  also  directed  in  the  present  investigation  toward  application  of 
three-dimensional  neutral  inviscid  stability  theory  for  stationary  disturbances  in  order  to 
calculate  the  angular  orientation  of  entrained  vortices  formed  in  the  three-dimensional 
laminar  boundary  layer  because  of  crossflow-induced  inflectional  instability  in  the  rotated 
boundary-layer  velocity  profile.  Application  of  this  approach  was  not  entirely  satisfactory 
relative  to  experiment,  but  more  work  must  be  done  before  declaring  the  approach  invalid; 
terms  which  may  have  been  significant  under  hypersonic  conditions  were  not  included 
in  the  present  stability  analysis.  The  location  of  the  so-called  critical  height  was  found 
to  be  near  the  edge  of  the  three-dimensional  laminar  boundary  layer  which  is  a  hopeful 
sign  that  inviscid  stability  theory  can  indeed  be  applied  under  hypersonic  cold  wall 
conditions. 

A  so-called  maximum  crossflow  Reynolds  number  concept  was  applied  in  the  present 
analysis  to  successfully  correlate  the  onset  to  vortex  formation  in  the  three-dimensional 
laminar  boundary  layer  on  sharp  cones  at  incidence.  The  numerical  value  of  the  maximum 
crossflow  Reynolds  number  at  which  vortex  formation  is  observed  to  begin  relative  to 
experimental  data  on  sharp  cones  was  found  to  agree  quite  well  with  previous  experiments 
on  swept  wings  and  cylinders  under  subsonic  and  supersonic  conditions.  It  appears  that 
a  value  of  approximately  175  for  the  maximum  crossflow  Reynolds  number  is  sufficient 
for  onset  to  vortex  formation  in  the  three-dimensional  laminar  boundary  layer  on  sharp 
cones  in  hypersonic  flow  under  cold  wall  conditions. 

The  actual  numerical  magnitude  of  the  maximum  crossflow  Reynolds  number  was 
found  to  be  quite  sensitive  to  the  wall  temperature  level  with,  in  general,  the  hotter  the 
wall,  the  larger  the  value  for  the  maximum  crossflow  Reynolds  number  and  hence  the 
more  unstable  the  three-dimensional  laminar  boundary  layer  to  the  crossflow  instability 
phenomenon.  This  behavior  was  shown  to  be  the  result  of  increased  boundary-layer 
crossflow  velocity  and  thickness  as  the  wall  temperature  is  increased.  Based  on  these 
findings,  static-stability  ground  testing  in  hypersonic  wind  tunnels  under  hot  wall  conditions 
on  slender  bodies  at  incidence  may  not  be  applicable  to  cold  wall  flight  conditions  at 
the  same  free-stream  Mach  and  Reynolds  number  conditions  because  of  the  crossflow 
instability  phenomenon  being  enhanced  by  the  hot  wall  condition  which,  in  turn,  can 
result  in  premature  transition  of  the  three-dimensional  laminar  boundary  layer  to  turbulent 
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flow.  What  is  needed  in  order  to  more  fully  understand  this  crossflow-induced  instability 
phenomenon  and  its  effects  on  boundary-layer  transition  under  various  wall  temperature 
conditions  is  a  careful  and  thorough  experimental  investigation  of  the  three-dimensional 
laminar  boundary-layer  structure  (profile  measurements)  as  well  as  surface  heat-transfer 
measurements  under  flow  conditions  leading  to  entrained  vortex  formation  and  transition 
on  sharp  cones  at  incidence. 
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Fig.  1  Three-Dimensional  Boundary- Layer  Velocity  Profiles  in  Streamline  Coordinates 
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Fig.  2  Schematic  of  Disturbance  Wave  Propagation  in  a  Three-Dimensional  Boundary  Layer 
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5. 0-deg  Half -Angle  Sharp  Cone  at  M©  ■  7. 40,  y  - 1. 40 
Three-Dimensional  Inviscid  Sharp  Cone  at  Incidence  Theory 


10. 0-deg  Half-Angle  Sharp  Cone  at 

Mn  -  7. 40,  Re^  L  -  5. 0  x  10*.  Tw/T0  -  0. 30,  Air 

.  Three-Dimensional  Laminar  Boundary-Layer  Theory 

o  a  O  A  b  o  Experimental  Data  from  Fig.  9  of  NASA  TN  D-5346  (Ref.  5) 


15. O-deg  Half-Angle  Sharp  Cone  at 

Mqj  -  7. 40,  Re^  L  -  5. 0  x  105,  Tw/T0  -  0. 30,  Air 

1  Three-Dimensional  Laminar  Boundary-Layer  Theory 

□  O  A  £s  o  Experimental  Data  from  Fig.  9  of  NASA  TN  D-5346  (Ref.  5) 


Fig.  6  Concluded 
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10. 0-deg  Half-Angle  Sharp  Cone  at  a  -  5. 0  deg, 
Mm-7.4a  Re^ L  - 5. 0 x  105,  Air 
Three-Dimensional  Laminar  Boundary-Layer  Theory 


0,  deg 


Fig.  7  Effects  of  Wall  Temperature  on  Calculated  Surface  Upwash  Angle 
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10. 0-deg  Half-Angle  Sharp  Cone  at  ■  7.40, 

Re^  L » 3. 0  x  10°  yT0  -  0. 2857,  Air 

-  Three-Dimensional  Laminar  Boundary-Layer  Theory 

- Three-Dimensional  Inviscid  Sharp  Cone  at  Incidence  Theory 

•  o  Experimental  Data  from  Fig.  15  of  NASA  TN  D-5346  (Ref.  5) 

x  Three-Dimensional  Neutral  Inviscid  Stability  Theory  for 
Stationary  Disturbances 


Fig.  9  Comparison  of  Calculated  and  Measured  Vortex  Angles  at  the  Body 
Location  <j>  =  90  deg 
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15. 0-deg  Half-Angle  Sharp  Cone  at  ■  7. 40, 

Re^  L  -  3. 0  x  10°  yT0  -  a  2857,  Air 

-  Three-Dimensional  Laminar  Boundary-Layer  Theory 

- Three-Dimensional  Inviscid  Sharp  Cone  at  Incidence  Theory 

•  o  Experimental  Data  from  Fig.  15  of  NASA  TN  D-5346  (Ref.  5) 

x  Three-Dimensional  Neutral  Inviscid  Stability  Theory  for 
Stationary  Disturbances 


Fig.  9  Concluded 
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Fig.  10  Angular  Turning  of  the  Boundary- Layer  Velocity  Profile  at  the  Body  Location 
<j>  =  90  deg  Including  Position  of  Critical  Height 
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-  7. 40,  Re^  L  -  3. 0  x  106,  yT0  =  0. 2857,  Air 
■Three-Dimensional  Laminar  Boundary-Layer  Theory 
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10. 0-deg  Half-Angle  Sharp  Cone  at  a  =  5. 0  deg 
Mqj  -  7. 40,  Re^  L  *  3. 0  x  106,  Tw/T0  =  a  2857,  Air 

▲  Onset  of  Vortex  Formation  Based  on  Fig.  12 
of  NASA  TN  D-5346  (Ref.  5) 


Fig.  12  Developed-Surface  Plot  Showing  Onset  to  Vortex  Formation  Relative  to 
Lines  of  Constant  Maximum  Crossflow  Reynolds  Number 
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15. 0-deg  Half-Angle  Sharp  Cone  at  a  =  5. 0  deg 
Mjq  *  7. 40,  Re00i  L  *  3. 0  x  106,  Tw/T0  ■  0. 2857,  Air 


Fig.  12  Concluded 
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wsl,  max 
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10. 0-deg  Half-Angle  Sharp  Cone  at  a  » 5. 0  deg 
Mqq  ■  7. 40,  Re^  L  -  5. 0  x  105,  Air 
•Three-Dimensional  Laminar  Boundary-Layer  Theory 


Fig.  14  Effects  of  Wall  Temperature  on  Maximum  Crossflow  Velocity  in  Boundary  Layer 
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TABLE  I 

LAMINAR  THREE-DIMENSIONAL  BOUNDARY-LAYER  PROFILES  AT 
0  =  90  DEG  FOR  6„  =  10  DEG  AND  a  =  5  DEG 


y/L 

U/Ue 

w/We 

T/Tt 

V  x/L 

0 

4.33J620F-16 

8.95S95CE--6 

1.190330E-05 

0 

7.600000E-03 

5.370n0fE-03 

P.320000E-03 

0 

1 • 125no  0E"02 

2  •  1 80CCE®  02 
3.5820005-02 

2  00022CECU 
2.07E7*o'F  00 

2  *0b580{)5  00 

2  *006420  5  00 

l.Clfc540f-l5 
2.4831 10E-95 

3 • C8fr7  COE-05 
3.732170E-H5 
4,42264  0E-l5~ 
5.161460E-05 

1.145CO0E-02 
1.479  OOOE-02 
1.635O00E-02 
2.213000E-P2 
2.616000E-02 
3.044000E-02 

4.922'00E-02 

6.342P00E-02 

7.R46300E-02 

9.438000F-02 

1.112300E-oi 

1.290700E-01 

2.107530'C  on 
3.1 19*5(1 1  oo 
2*131 020 >  00 
?•  M505oE  oo 

z.^eiooE  oo 

2.173050E  00 

b. Q52230t-D5 
6.79e8fcOE-OS 

7  r7O550OE"/-5 
8.6769506-05 
9.7l7850E-*)5 
l«flfl3370E-44 

3.501000^-02 
3.987*10  0E-02 

4. *d500CE-l2 

5. n5ftQ00E-o2 
5.643f00E-02 
6.26»sOOOE-02 

UC78300E-01 

1 .A78ft00E-01 

1. Ph95CCE-0l 
2.1 12200E-01 
2.74T?OOF-Ol 

2. *95l00E“0l 

2.1207501  30 

2.204030E  00 

2.221  7 0 o E  oo 

2.2343<>oE  00 
2.257SOOE  00 
2.277250E  OO 

1.203020^4 

1 .331360F-U4 
1.469050C-I14 

1 .616820E-14 
1.77S440F-04 

1  -94«37fioE-n4 

6.9350  0  0E-n  2 
7.644000E-O2 
P.'401000E-n2 
9.206D0DE-02 
l.n06500E-01 

1  .n97900E-Cl 

2. «56«.00E-nl 
3.131  700"-0  1 
3.421fc00E-01 

3. "»26nOOE-01 

4. P45^00E-01 
4.'»81SOOE-Ol 

2.297*7nE  66 
2.315540E  00 
2. 1404705  59 

2 ■ 353230E  00 
2.3e«e2oE  30 
2.«in.ot  oo 

2.  l2P680E-'i4 
2.325170E--4 
2.5lfc250F-'i4 
2.7fc306GF-’4 
3.00fc750E-n4 

3. ?6E6c0E-n4 

1.195400E-01 

l.?95?oOE-fiS 

1.409900E-01 

1.527500E-01 

1.653300E-01 

1  .78M00E-O1 

4.733100E-01 

5.10QFCOE-01 

5.484H00E-01 

5. C85100E-01 
6.30 l*00E“0 1 

6. T33300I-01 

2.436J30E  00 
2.«52j9nE  00 
2.4*a»?oE  on 
2.515 J4nE  00 
2.5.2370E  on 
2.57oonnE  03 

3.549930E-O4 

3.P52140E-H4 

4  ,'l7*720F-'i4 
4.525170E-P4 

4 .899090F-f54 

5. 3000?OF-i  4 

1.929^00E-nl 
?.r81?00E-ni 
2.242=00E-01 
?.4lM00E-Cl 
2.596«=OOE-Ol 
2.79 030 0E -01 

7.190200E-01 
■».64l2noE-Cl 
8.1 15100E-01 

8. *-0n20CE-Ol 

9. n»»4  700E-01 
q.e95900E-01 

2.59743nt  00 
2.62463CE  33 
2.651330E  00 
2.*771«9E  90 
2.701H20E  00 
72441  nE  on 

5.7297e0E-r4 

6,ieS800F-?4 

b.52l7C0F-**4 

7.20E970E-n4 

7.76fc9fOE-'*4 

e.3628?OF-04 

2.995900E-01 

3.213S0OE-01 

3.444*00E-0l 

3.6B8400E-01 

3.9456D0E-01 

4. 216100E-11 

l.nlooHOE  00 
1.P60600E  00 
1.110700E  00 
l.tSWOE  00 
1.907h90£  00 
1.P53400E  00 

2.745620E  on 

2 .7636908  OO 
2.774360?  OC 
2.T88420E  09 
2.794-70E  03 
2.794450E  00 

F7VJ5m3K’=S?_ 

■J.66636<IF-n4 

1.33F2705-03 

l.lll710F-n3 

1 .ll47onF-r3 
1.771Z*0F-d3 

4.499900t-0l 

4.796*;00e-0l 

5.105600E-C1 

5.425500E-I11 

5  •  73*nOCE-E 1 
6.n94000E-0l 

1.996360E  00 
1.335“5nE  00 

1 #t7  IT5CE  03 
1.401310E  00 
1.<.2*^74CE  no 

1.4  4  3#»7 OE  00 

2.70757CE  33 
2.7722. OE  00 
2.75C37  0E  00 
2.710050E  00 
2.57553nt  00 
2«5?221nE  00 

l.Sb^94CPr^3 

1.442530F_-.*»3 

1««22649F-*1 

l.*25«?0E-i3 

1 ,7l9570F-n? 

1  .RU370E-03 

*.4^y>ooE-fli 

6  •  784 1 OOE-0 1 
7.l?9«)00E-ni 
7.471200C-01 
7.603H00E-01 

8 . 123300E-01 

1.454533^  no 
1.A57760E  00 
1.453200;  00 

i.44n-<inE  oo 
i.*2n<ionE  oo 

1.194*'70F  oo 

2.55fienE  on 

2.«^10HnE  03 
2.3.5l*r>E  n: 
2.2<lH22nE  no 
2.152nnnE  3n 
Z.07l»‘t60E  On 

T .9tf57ooF-n7 
2.O350a0F-i3 
2.10n070F-«'3 
2.H*370F--3 
2.287820F-f.3 
2.“*:'-4?0E-n3 
2.4  '237  OE-43 
2.5«*4ft69E-"3 
?.65fcn7nF-M 

C . T4Ol?0c “r 1 
2.»44140F.-p3 

8.4254  00C-TTT 
8.705O00E-01 
P.O60is00E-nl 
9.1P/40CE-M 

9.26 >600E-nl 

9.54o400E-Ol 

9.682100E-01 

9. T86*00E-01 
9.P64000E-01 
9.914*00E-01 
9.95*  J00E- 3 1 
9.Q77H 0CE-M 

1.^61270C  00 
l.-J2375r,r  03 
1.3R3020F  00 
1.24P750E  00 
l.«o8«W0E  nn 

1 . 1555^0;  00 
1.121750E  00 
l.i'^^tnE  oo 
l.**62/30E  00 
1.A*.1C4I5E  33 
1.P25790C  00 

l."14it7.4r  00 

1 .  *51 62 3 r  on 
l .on i52nE  on 
1.7??'jlpE  on 
|.An6j3oE  on 
InE  on 
l.lVEfcOpE  r, 
1.3n5b6oE  oo 

1  ■  2204nC-E  30 
1.15’vonE  on 
l.iizsanE  no 
i.nrmzoE  on 
l.p»5i3nE  no 

3. 1501 90E“*‘  3 
3.PS2290F-  3 
3.3HnB2nE--1 

3 .5l)6470F“‘  3 
3.6  3987<)F-*n 

9.o994005Hil 

9.79570Gt:-M 

q.qyy^ooE-oi 

9.599P0OE-41 

9.9999O0e-ni 
i.coooooE  no 

1.C07H70E  00 
l.nC3T80E  00 
l-onl6inE  oo 

l.PO3*00f  00 

l.nOOl^OE  00 

i.*iooncnE  oo 

I  .o"25VinE  on 
l.nm.iaE  nn 
1.006630E  on 
i.nvi7nE  nn 
i.nnlonoE  on 
i.nnn>5rE  on 

3.7M6C0E-' 3 
3.O32240F-P3 
4.r9?350F-p’ 
4.?e?560F-i3 
4.4434eoE-r*7 
4.635BinE--3 

I.GO0000E  00 

1  .A00000E  110 
1.033U00F  >10 
i.<ionnooE  oo 
i  ounnnoE  >’0 
l.nonnooF  no 

l.^ooMn^  oo 
l.nnonOCE  03 
l •  noo'ionE  oi 
l.nnonocE  00 
l.onoiiiCE  90 
l.OOPnOOE  00 

l.oooovo'E  on 
l.nnooonE  on 
l.onooooE  su 
l.ncoooot  on 
l.noocooE  nn 
l.ooaoonF  oo 

4  ■  44*J2t0F“  r  3 

5. fl57570E“n  3 
5.?fiP5PCE-'3 
S.c34150E-^3 

2.  l**u  1Q9F-*«1 

6  ■  n  7?470F"i'1 

1 .oonnoCr"  vO 
i.noonooE  no 
l.Q0C«*03E  on 
i.ioooooe  no 
1.FCOI90?  no 
l.nonnooE  no 

i.nnc*'C0F  on 
I.noonooE  00 

1. **03130;  00 

l.nnonnoE  on 
looomnf  nc 
l.noOnOOr  00 

“'l .cn'coonf  on 
l.ooonooE  oo 
l.ooounnE  c 
l  .oootionC  oo 
l.onooonf  on 
i.onouooF  on 
i.nnoi.o'’T  oi 
l.unooonE  on 
l.cU'-onE  on 

C.J*fc76?0F-7 i 

h.4811P0F-'*3 

/.'•l44a0r-'*3 

1  .*'?*liiO0c  no 
i.noonuOE  oo 
l.connoot  io 

"T.'nnnio&E'oD 

l.nuOnoOE  00 
1.900ICCE  13 

[r.visc.d  Edge  Quarr  it.es 
Ue/V.  ■  0  96685 
We/V.  «■  0  07493 
Pgi'p^  =  3  51520 
Tc;iV.2.-R)  *  0.  32155 

F:  ee- Stream  Conditions 

.  T  40  Rc„  L  >3  0xlOS 

Wall  Temperature  Knt.o 
Tw/T0  -  0  28570 
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TABLE  II 

LAMINAR  THREE-DIMENSIONAL  BOUNDARY-LAYER  PROFILES  AT 
(t>  =  90  DEG  FOR  Sv  =  10  DEG  AND  a  =  6  DEG 


y.’L 

u/Ue 

w/We 

T/Tc 

0 

0 

0 

2.  023<6C*1l 

L-n 

4.i6?4f-0F-  -*6 

?.63'033E-i'3 

1 .1  onron»--o? 

2.53296nE 

0  1 

9.o2l840P-O6 

5. 4300006-33 

p.p^i^coc-n? 

2.942  /HOE 

00 

1  .l99960f>'*5 

0  ■  4  1 0000E- 13 

1.C27'-CCE-V 

2.9bi?60E 

Oil 

T^r976r^fs — 

"i  rrsooocE^‘2- 

■■4.i»47'!CCC"02 

?.n^4  jiig 

09 

2.539410=-  -s 

1 ,  fcVbilOOF-O? 

*1.744^005-0? 

2.n7*47lE 

09 

3.1  0H2t0F-'»b 

1 ,H55000F-n2 

?.7?4100C-0? 

2. nMP?69F 

03 

3  ■  752339=  -  1*% 

?.237ftn95-G? 

9.7*1  0095-62 

2.19120CE 

39 

4.4S373f|P-'»5 

?. 64*0005-12 

i.n96non£-c'. 

?.  114»*]rE 

3  1 

5.19184  OF- 05 

3.o7rf00fiE-i'.2 

i.?7n -one-oi 

?.l?9|4fF 

01 

5.Qva3ooF-'^? 

3iW5nooE-n2‘ 

'  1  .ASM  nOE-OI 

2-l44l9d€ 

00 

b.»4  K?0P-^5 

4.F3HOOE-1? 

1  .*.b?inoF-ni 

2.1S94P9F 

9' 

7.7ei'3*rF-i3 

4.554il0£-n2 

l.a59*iO0E-01 

2*1  'S759E 

CF 

d.7jh760F-95 

5*1120005-02 

?.67-tsonE-ni 

2.193-ilnE 

OC 

9.757270E-O5 

5.7061005-0? 

2.i6«*sonE-ni 

2.2 12 jhftE 

on 

l.n9|i2nf--.4 

6.3>f QOE-  i? 

2.*51?0*)E-01 

?.231alnF 

90 

l.?l 164CF-‘4 

7 • 012C00E-O2 

r.^rr-ojrf-ni 

2.?SDrf?9E  Oil 

l.l4r9|0F-64 

7  *  72SCOOE- 02 

i.r 60609^-01 

?.2»|429E 

09 

1 .*75590F-i4 

P  .494A0OE-02 

3.765u005-ni 

2.792rt4nE 

99 

1 .62«430F-n4 

9.10yu00E-02 

1**64] 0GE“31 

2  «31  5*J5r- E 

91 

1  .780|OOF-'*4 

1.01  /60CE-- 1 

1.9/RICCC-01 

2>3^4iE 

on 

1.95y720F-«4 

1  •  1 1UI OCE-01 

4.-1074CC5-D1 

2 ."Vnl  76^5 

on 

2.  1439305-64 

i .^oM^oor=oi 

4.4S2200E-01 

2. SR6160E 

on 

2.14]  77()F-«4 

1 .113iO0E-11 

5«M  2  700E"fll 

2.41 n  RoE 

on 

2.5543C0P-04 

] .425=  005-11 

s.-iHOnnoE-C] 

7.43fcrtog 

C3 

2.7&2620E-9* 

1 .5445005-11 

s.7ul0nnE-nl 

2-4*2c9n£ 

on 

3  .n279i  of-<’4 

1 .6715005-91 

6.1  Ra'-noE'Ol 

2.4*Jp*.40E 

00 

3.?9]430F-n** 

1 .M06  roOE-Ol 

6.6]  0*<00£“0  1 

2 .5153295 

OC 

T.  C7449CF-'*4 

IT^^f  *03?-ni 

f7r  477301  -o‘l 

?.S4ib?ng 

on 

3*«7H50CE-14 

?« 1C3  •'O  OE-01 

7.49-4  .30-.-01 

?  .S67-90F 

OC 

4.?04910F-<'4 

2.?b6-»O0E-f}l 

7  »o6o**OOE“0 1 

2.S91H90E 

09 

4.^55240c-"4 

?.44fl?00E-01 

“.431/OOE-01 

2.6174R9E 

00 

4.Q3n40c“l4 

?.6244nOE-Cl 

M.9]b40CF-01 

?.64C67-)f 

09 

5.3339?0E-"4 

?.“?OOC0E-il 

9.4C37C05-01 

2 . 662  j  40E 

90 

5.76=4605-04 

3.n27Po6T-01 

o.aQ4?on>-nl 

2 .6813  7*01? 

on 

6.227250F-O4 

3.34T300E-D] 

1.O3H470C  00 

2.69701 9E 

OD 

6.72r830F-r4 

3.4«1000£-9l 

1  ■  *197<5"0E  60 

R.nOdfE 

O'l 

7.24  762 OF- ''4 

3.725/OOE-Ol 

1.1147<-ni  no 

2.71S74AF 

on 

7.PDP940E-O4 

3.9047OOE-11 

1.1H39Q0E  00 

2.721769E 

on 

d.405fl20F-'‘4 

4  .P57000E-01 

1 .7251 5flF  00 

2.722090E 

00 

9.0  3S2S0F- “4 

4 • c4r 50  OE -n 1 

1  . 5666 1  OE  0  n"“ 

“  ?. 7i ia«n£ 

OC 

9.7056?CF-,.4 

4. 44<'  1996-01 

1.164670=  00 

2.69-24nE 

03 

1.O417D0F-13 

S.15MO0E-01 

1.13RS90E  00 

2 . 674  31 qE 

no 

umom-m 

5.*721O0E-Dl 

1 .167**05  00 

2.641 JOOE 

OD 

l.l94050F-**3 

S.**03CO0E-il 

1.191M3E  00 

2.S9HA«nE 

00 

| .37^4005-^3 

6. 1 4 1 400E— 9 1 

1.40*4 lat  no 

2.54SJ30E 

00 

I • 1599D0F-C1 

f. 4049005-51 

1  ."4  ]  Rh93^— 00 

2.4Hl54nC 

on 

1.447270E-03 

6.83H600E-01 

1.42210OE  on 

?.407]?3E 

09 

1  *5371 1  nF-f»3 

7.1  75 l OOE-Cl 

i.41R**pol  on 

2.322439E 

00 

1 ■ 429000- -«3 

T.ni-tooe-**! 

i.&n66?cE  on 

?.2?R3onE 

00 

l  ■  722470F-',3 

7.H44-00E-CI 

1.1FP|19CE  00 

2  *  1 26 vOOE 

00 

l.Hl7000F-n3 

P.I614Q0E-01 

1.1631205  00 

?• n 1 729nE 

00 

"KUTSTpoF-^ 

0.4fttrro'ffPor 

1.132'-m5  00 

T79||4  »10t  09 

2.n07360F-"3 

P.736800S-9I 

|.P977*nE  CC 

i.7«xm£ 

03 

2.102340E-'*3 

P.9b/0OOE-Ol 

l.?59'*PU£  00 

1  •ftTS'ienE 

00 

2.1S47S0E-63 

9.210400E-11 

1  «?2n-*50E  00 

1  •Sh’jl»yoE 

on 

2.?9n5B0E-r3 

9*40?500E-Ol 

1 • 1  pi "Roe  00 

1 .*62»5oE 

OC 

2.3R275CE--»3 

9 •  K63330E*9 1 

1 . ■ 44M60E  OC 

3«i7e3oE 

01 

2.4765P0F--.3 

9.  F53cOOE-11 

1.11114DE  00 

1 .2H3»0nE 

0* 

2,S693lOF-r3 

9.7947O0E-O1 

1.RA1610E  00 

1 >211U20E 

OC 

2.6627lOE-n3 

9.H696QOE-01 

i.n57<,soc  nn 

I .15lJTnE 

09 

2.7574705-03 

9.O22100E-05 

1 • 037 7 1 OE  00 

1  >1G3*30E 

on 

2.P5446 0C-P3 

9".Q57i)0CE-01 

l.n?33R0E  00 

I .ch7s*nE 

OD 

2*9546] 0c-O3 

9.97P 1 OOE-Ol 

1.P13470E  00 

1.9*IJ2'lE 

OD 

3*0  58860F- 33 

9.99O000E-01 

1.907130E  00 

1-023600?  00 

3.16P120E-O3 

9 ,9959  OOE-fll 

1.403420E  CC 

l  .M24RrE 

93 

3.P832S0P-O3 

9.99R600E-01 

]. 101460=  no 

1 .306910? 

01 

3*  4051  OOF-03 

9.999600E-01 

1.O00550E  00 

1*002600? 

9D 

3.S34260E-F 3 

9.999900E-01 

1.600170E  00 

1 • 000^80? 

00 

3.67MD0E-ft3 

l.OOOCOOE  no 

l.-'OO'^DE  00 

1  .030320? 

0" 

3*917120F-^3 

l.OOCCOOE  00 

1.C00310E  00 

1  .ooooPn?' 

00 

3.972000F-01 

1.009000E  00 

1 "OOOOOOE  00 

1*000029? 

00 

4.1  36620E-93 

1 • 00000 OE  00 

l.noonooE  on 

1  .OOOOOOE 

on 

4.1116205-03 

1 . 900000E  CO 

I.OOCncOE  00 

]  * OG 00 99 E 

00 

4.497640E-O3 

1.300000E  CO 

l.rocccoE  00 

1  . OOOOOOE 

OD 

4. 6953705-03 

l ■ 900000E  no 

i.noonooE  oo 

1  .000000  F 

DO 

4.905570F“n3 

1.0000005  00 

l.ooonoot  00 

1  •  000000  F* 

OO 

5.129010E-01 

1  .90  0000E  00 

1 • noon  ODE  00 

1  *  OOOCOC  E 

no 

5*‘‘6t520E-03 

1.609000E  00 

l.iOOnOOE  OO 

1  *0  0  ODCC  C 

OD 

5.6190  OOF-03 

I.nOOOOOE  DO 

l. OOOOOOE  00 

1.009000E 

3D 

5 ■ BH7390F- 03 

1 • OOOOOOE  10 

l.OOOIOOE  00 

1 . ooouoo? 

00 

6.1726P0E-O3 

1 • ooooooe  no 

1 .00D10DE  00 

1  .nooooo? 

00 

6.475940E-13 

l.nOCCOOE  DO 

l.fOO'-OOE  00 

1  ooooooe 

OC 

6.798320E-O3 

1.000000E  DO 

1 .nOOIODE  00 

1. OOOOOOE 

00 

7 . 1 4 1 000E-O3 

l.nbonooE  do 

l.ooonooE  00 

l.noooooE 

00 

Inv.scid  Edge  Quantities 
Ue/V,  =  0  96389 
we/v.  =  o.  nooio 
an'p*  *  H  48740 
Te/<v.*/HI  «  0.  02201 

Fi  ec-Streai:i  Conditions 

M.  *  7  40.  Re.  ,  =  3  0  x  10C 

Wall  Temperature  Rat.o 
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TABLE  III 

LAMINAR  THREE-DIMENSIONAL  BOUNDARY-LAYER  PROFILES  AT 
0  =  90  DEG  FOR  5V  =  10  DEG  AND  a  =  8  DEG 


yfl 


uf\)M 


T/Te 


>}  x  * ' , 

fi 

42182 0F-r6 
9.144820F-*'6 
1  .4  LSCF0E-''5 


2.534690f-''5 
3«  1 5A9!0F-nS 

3 .  fe  lc  0  30F-  '5 

4. Bl5090F-*5 
S.298580E-15 
6.n/71?(lF--b“ 

6. <>4  l7ftOF-n5 

7. F67720E-A5 
e,65qa?0E-Tb 
9.92291 OF-15 
1 

1 .358460F-n4 
1  .S(J{J04  0e”#‘4 

l.*5*  4*o€-n4 

1. Fl?770P-l«4 
1 <  98fe55QE  *94 

2. T^3l40F-'»4 
2.?73*9u£-n4 
2.5M?65l)c-n4 

2. ai«;710c-ii4 

3. n97PfOE-''4 
3.33*330F-04 

"3. 


0 

0 

.  J34180E  CIO  . 

?.6dC(i00f-03 

l  .r/UnnOE-02 

1 .943260E 

on 

5.8?ooooE-n3 

?.5>2Ai{»3F-a? 

l.95?a*nE 

01 

b.ss<-:top-o3 

“  •  *41H Dr*0? 

1 .9629*lE 

oo 

'1  .  WfcCOJF^)? 

"4. 72h"  fnr-02 

"TTfl’SfclnE 

no 

1 •S2100AE-0? 

f,.»'8<»o00e-n2 

l .ixiRjnE 

01 

1 .887000E-02 

7.^ioooos-n? 

1.9966S0E 

on 

?.27A-i00E-n2 

9  .  *87,i'in"-f)? 

7009  jHOE 

no 

2.f>9->300E-02 

1 .4875001-01 

?.  722  J  5i;E 

on 

3.131 oooe-o? 

1  .2  3H1 on£-oi 

?.035<J9rF 

00 

3.40(ioO®E-n2 

“i  •  *!«  -Iinr-f)  l 

p.ibOJinE 

01 

4.130000E-02 

1 .60‘«/nn-;-ui 

?O35«*20F 

00 

* .*331005- 02 

l.=ll  ill 0“-0  1 

?.T*1  2405 

oo 

5.7001005-02 

2.  *'?*;’ nnr-oi 

2.097790E 

00 

5.rtO»000£-«2 

?.?*M700£-01 

? • 1 1 c0  80E 

CO 

*.**7nooE-n2 

?.*"5»-nnE-ni 

2.1 33inoE 

CO 

7.‘.  i:”lO0E=7rZ 

2»iSl*,7nE 

m 

7.H62n00t-n2 

?.997?nn«:-3i 

2.1 71371E 

01 

p.**r,90uE-ii2 

3.2 /31 OOE-Ol 

?.191f>00E 

00 

9.169400^-0? 

3.«i83f-0nE-0l 

2.21 2-2nE 

op 

1 .1351 00E-i*l 

3.a*7*.OO5-0l 

2.23»12nE 

O'! 

1  .IZVJooE-nl 

4.lMSsijoC-0l 

?.?‘.6  J3oE 

00 

1 .225*ooI-(il 

*.kib‘'Ooe-oi 

7.2  I1128E 

OP 

1 .3361005-01 

4.^*7'inoE-n 

2 . 3n  ?  -,sine 

O'. 

l.**9“00E-ill 

8.229 -ooe-ci 

2.3'f-UME 

c 

1 .ITlloOE-51 

6.  ‘•07snnE“0 1 

2.3-.0U?nE 

oo 

1.  roniOOF-fil 

5.cgq<snnE-01 

7.T7*|?n£ 

0  ) 

1.131 iOOE-Cl 

S.'-OSMIllE-Ol 

2.3'.P7qc6 

o: 

. *7*4*0  *>n4 

3.92  7S50F-n4 
4,?5  MooF-^4 
4  .*»1  i'5B0E--'4 
4 .9S-,5GCF-*4 

5.i9s4r}Qr--l4 


•  «9H3l>f|0t“C  I 
2.13»100E-ri 
?.  ^0440flE-0l 
?.«.H0eCQ5-il 
?.*/•/ 1  vOE- 31 


s.»,24|*mc-ci 
7-3rfc^oOE-Ol 
7.*9H->OOE-Ol 
"•l^cK  rr-oi 
«.#-091C-'F-ni 
4.n72>*COE-OI 


2.*?2i(7nE  a- 
?.44?^Hf)F  00 
2.45B|6,)E  00 
?.4"9t-lr€  30 
2.610,-'6iE  00 
?.n2h49riE  00 


"i5.T?CB4'oF--»4 

”  3.O/7P00E-01 

9.K3flu005- 

ni 

2.544630E 

00 

6.794340F--4 

3,?9hC00|:_t1 

1.ACA37JE 

on 

?.5b79flnE 

no 

8.79i-3c0F-'4 

3.&2  JP01E-11 

1  ,r46?3-*r 

00 

?i56N3iF 

in 

7,3182405--* 

3.7I-2700E-31 

1 • -91 ’ fcic 

00 

2. 573^746 

00 

7. pH22*oE-r 4 

4 . 1 1 4  370QF-0 l 

1 .134S10E 

no 

2.57EIUE 

on 

«.*fer,370E-'4 

*. JI-400F-31 

1.17*  4  1C 

00 

2.57C931E 

nn 

■V^fCFr.COE-'-.l 

1  .?U'4  rr 

?o 

?.BisCS*-t 

on 

9.  7S«.  71  OF-'  4 

*.3oA»iacE-ui 

1  .?5P  i**PE 

01 

2.543  tfct 

01 

1.0*81405-03 

S.?l 7700E-O1 

1  .58?.  IOC 

PO 

2.5ieJ7nE 

OJ 

1.1  223*50^-^3 

S.F18800E-31 

1 .1091*05 

00 

2.*h51?iE 

01 

1.301140E--3 

5.07)  1CCE-**! 

1  o?ii 

no 

2.4ie49nP 

10 

1.5»h?2icF--3 

‘*.?08iC*iE--‘l 

1  .-»473Jrc 

on 

2.-*  fl57i€ 

00 

”1.36F3Qffr-7^“ 

6.551  /OOE-Ol 

1 .15/4005 

ou 

2.3m/ioE 

00 

1.452390F-A1 

f  ,*-95  7005-111 

| 

00 

2.760490E 

on 

1  •t42RtOF-  *.3 

7. ?3/tioOF-oi 

1 .35798 3- 

00 

2.1  4*  16*>E 

on 

1.H4410F—  3 

7.5l4-00r>,3l 

1  ■  14-1.15*)- 

no 

?.rg* jblE 

on 

1  •  72  758  |)F-  *3 

7.9UC-00E- 11 

1  .  41?<S?n.r 

on 

2.0001CnE 

no 

1 .“219I0F-C 1 

*.?1<  JOOE-ll 

l.llln*»Or 

on 

1 .  i  )0i3nf 

ni; 

“l.ontTDr-o- 

P.6c5*-00E-ni 

1  .?a*  /'jn= 

no 

1  •  fM#»j4nE 

no 

Z.H282AF-  .3 

P.77'- D05-H 

1 .  »8«*'*9£ 

no 

1  -hw^Hior 

O'l 

2.  lli*-ie0F-43 

8  .  *1  ??4  0  OE  - 1 1 

I • ?2?1 30r 

on 

1  .5^2  l9*t 

Or 

2.*0?550F-"3 

9,7»3vjO0E-Ol 

1  .lHH'.POf 

00 

l  •*  «*-*onF 

O’! 

2.?^c7lD5-'  i 

9.425-*oOc-Ul 

1 .155  •  HIE 

C«’ 

1  •*  .2<*M)fc 

0.1 

c.392T3nF- 

9.Sdl*-oCr-'.l 

1.123  *7n: 

C  ' 

1.31 J1  /HE 

c: 

2.4S5«POf-'i'' 

9. 70^100- -01 

1 ,'94»bOE 

00 

1 .2«5|5>nE 

n  * 

2.^rt*8?nc-'“3 

«onE-m 

1  ■  *»69?l'<*£ 

00 

1  .1  l,«3-E 

0  ) 

2,h*1550?-''3 

9.M76100E--1 

1 .  TLU/.nn*- 

nn 

1 .12-**:nnE 

r.  - 

?,  TH,,'4?0s-r  3 

»«1CE -■  l 

31  ♦‘•or 

n-. 

l'lHP-FoE 

.1“ 

?.«^2lOflc.—  3 

9.abS  looe-oi 

l.M5“lHr 

no 

1  .1|>/-30E 

O'* 

2.98749PF-I'  1 

9,^79  IOOF-OI 

1 .  il l«80f 

no 

1.0  1517.1E 

O'l 

■  3;497S2nF-' 3 

9.«9050nE-0 l 

)  •  00**1*  0£ 

Cl 

1  .o?jn6nF 

c . 

_:.?i ?nBnE-'  > 

°  .996  10  OF--"  1 

1 . 30?  .40£ 

cc 

l.nl  0’i2P,5 

0* 

2  •  33c020c“ri  1 

9.9S-**nOF-Ol 

1  ,  «lll  77l)f 

cc 

ai-035  me 

n<* 

3.40*11 0F-*»3 

g.999400F-.(| 

1 .n00*HO£ 

00 

1 . 0.12220F 

op 

3.*0in30C-r 3 

9.O99800E-01 

1 .  mm  f-or 

0-1 

1  ■  ninjfS.it 

nr 

J.  T* *•*  4 OF-  *"  3 

1  .KinnooE  *c 

1  .noor4nr 

Qi 

1 ,0'JUc^PF 

■  >7<roi9coF-"> 

l.**|iO|(U0r  00 

1  .ion"l05 

CO 

1  .nnoiiPoE 

C*i 

4  .r8c]|.nF-..3 

1  •  (1(1  ii llOOE  00 

l  •iiOOonn£ 

00 

1  .n.mii?nE 

01 

*.?397*0F-' 3 

l.ionnoofe  00 

1 .nooooor 

nn 

1  .OUIIUOKE 

Cf 

4.4/!bl0nF-^  3 

'.'tmuoiiE  oc 

1  .ycimonE 

r  - 

*  .3.1  Oil  DOE 

r  - 

4.*2?5=nc-^3 

l.joonooE  oc 

1  .nnoi-oor 

CC 

l  .nnnoooE 

Of 

4.«3?220F-' 3 

l.ooonuOt  00 

1  .no  up no r 

OO 

1 .  of.iumr.F 

10 

Si;'5Mf0F-"3 

l.'OOOi'OOE  00 

1  ■  rmortnn£ 

nn 

1 .  nnu.ionE 

O'. 

S.?92n*nF-f 3 

l.'iunouoc  i.o 

1  •■illicniHl- 

rr- 

l  .3011  iinof 

rr 

5.S*  l98n--*3 

•  •ilil'QOOE  OC 

1 ■ innnnnr 

C* 

1  .1U0UI105 

r. : 

b.«l 16inc-"3 

l.onoouOe  no 

1 .noynnop 

no 

1  .Min.cooE 

01 

6.|l9^^^lOE-'■3 

1  .on no 00 E  00 

1  .0001. 005 

00 

1.000  JCCE 

n  • 

6.39«7i 0F-"3 

l.m.'l.MJOF  "0 

1  •  nom  O.'F 

*)3 

1 ,0'ionCCE 

n  ‘ 

'6.r?n28r»F-  i 

1.111‘inOGE  f c 

1 .nooooor 

no 

1  .moiionr 

r . 

^.‘'671  20c-/  .3 

l.nunonnF  .no 

1  •  .11(0-10  ot 

no 

1  .  OKOilOOC 

00 

7 ,  *2F*8CF-*'  3 

1.0JK000E  no 

1 .00060 or 

on 

l.onuuooE 

01 

Irvjsc.d  -<i.ij  n:.cs 

l.'c/V,  *  0  D56U2 
WC-'V*  -  1'  mis 


IV'P.  -  -  1  Tiln 
Tc.'(V,2'R1  ■  L  0'J‘JDi 

ei*-  St:  can-  Cu:id.t.inns 

M„  =  1  .;0  Reti  L  -  3  I)  x  10c 


Wjll  reir.perjtiire  Mono 
Tw* T(J  -  0  28570 
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TABLE  IV 

LAMINAR  THREE-DIMENSIONAL  BOUNDARY-LAYER  PROFILES  AT 
<p  =  90  DEG  FOR  5V  =  15  DEG  AND  a  =  5  DEG 


>M.  _ 

.i.'Ue 

».*we 

~nc 

V  x/L 

0 

0 

0 

1  498070R 

00 

J.  l  V4?Pft»r-"«* 

P.-.POOOE-ftS 

k.  Tgni>0QC~03 

1  .S.PbOOE 

00 

h.*CFC39F-'5 

4.*»9--ioOt-ft3 

]  .Fi»  -c'c-n? 

1  .<1  \ZZ*'Z 

90 

l.'*Z4939P-,l5 

7  •7t'*  -O 0E--.3 

?.cCCf  '  C1 5  “  3  ? 

l.MhhKE 

3*7 

"T.inrr?or-« 

7,c-4i;r'c  7F-D2  “ 

On 

l  ,«i<:ncoF-'>5 

U3/3:00F-O? 

4.^9' COL- 0? 

l.SJ4fcvrr 

90 

2.?74490F-n5 

1  .  703000F-P2 

«,.137‘'0P:-0? 

1.543300E 

0*) 

2. 74971 nF-"5 

?.  OSmiIOOE-T.? 

7.7«S>0OE-02 

l.SS2*nog 

on 

3. 25792QF- r  5 

?.42?nOOE-*2 

m,  7(i700  Or -02 

1.9S2-J90S- 

on 

3.M0|570F-f5 

P.«2su00E-C2 

l.ftin/OOE-Ol 

l.S7?l20r 

no 

T^W 3  3  (TO F-  ^5 - 37P  4  5 ,10  0  E-.‘  2" 

”1  .Tn7* '•  n'O  r  -  c] 

1  .54^  /**0  £ 

nn 

5.ftO=9?OE-i 5 

3.7O0fl00E-C? 

i.iisrnor-Bi 

: .S9403«  r 

no 

5,  47?670F-<‘5 

4.1«-»OOOE-C2 

1  .<S1*  001-01 

l.hO^or 

no 

6. 3bf-750E-n5 

*.89lnoOE-n2 

i.*>S7inn:-oi 

1  .MH2H4E 

00 

7.l5lB20F-ftS 

5.?36COO€-02 

1 .042-OOE-ni 

1  ,<S31  J50E 

on 

/.97i79nE-'i5 

5.*lfenons-n2 

2.438**101-01 

l.b4=0S0F 

on 

7 ,  Pb1-  89  OF-  *  5 

f  ,434oont-T12 

2.5 **2D*»E-01 

00 

b.  /9i690E-n5 

7.,m»2’'00€-C2 

2.*f)3400F-ni 

1  .M44t'*E 

00 

l.nbCSI 3F-«* 

7.7Y7'*0PE-:«2 

?.F93-»?0C-ni 

1.4.021CE 

on 

1 . 1  ft5Q*S0F-O4 

«.c*lC00E-n2 

P.n  )V»C0E-11 

1 . 706fi3C  E 

on 

1 .3O55»0F-«4 

9.33/n00F-02 

3.19| 100E-01 

1 . 7^3fbr E 

00 

1 .*3071 0F-P* 

i  .mpsoot-ni 

3. -1596005-01 

1  .  7*1^70  E 

00 

1.5bcl  1  0F.-r* 

l  ,ia««;aOE-oi 

3.741  iiinE-01 

l".7sOVl7ftf 

00 

1 . 70951 OF-r* 

l.?05  >onE-ri 

*.oi7nooF-ni 

1 .779220? 

00 

i,-»b«.700E-r4 

'.30^000t-cl 

4.-74S  I.1QV-QI 

1  .7vi9u0flE 

no 

?.-»3lS?0F-.'4 

!.4l7*00E-f l 

4.4711  nil  £-01 

1.919 j70t 

00 

2.?l"97nF-.'4 

1.53*ftOOE-01 

s.oo9i,nnr-ai 

1  .949270 E 

00 

2.*03730E-n4 

1.A5H900E-01 

,%.3^2'-00E-01 

1  .4M93QC 

00 

■2^lilVoP-"4 

nrwooc-u 

<.729^003-01 

1  '.%*  33<0E 

00 

2.K3* I40E-«4 

1 .^3l600E-ni 

A.l  ln")0E-01 

1.90E320E 

Oft 

2.rrt7Pii0--ni 

4.«>fS  3  5E-  0  1 

1.92M9CE 

00 

3.231 

?.?4! *003-01 

F.r*i  oi 

1 . >49hCCE 

00 

3.F05Ce9F- 14 

?.4IIO00E-:i1 

7.7P9r>f/)r-3i 

1.971 I3'E 

03 

3.9nF9«oE— «* 

?.^92>»00E-P1 

7.7S7m00C-01 

U492Z.VE 
2.012  Mof 

9ft 

♦  .?2^950F-!>4 

2 . VB 5>0 0F- O 1 

n.f93l»OOE-0  1 

0  0 

4.r7r470F-n* 

P.9H9E00E-P1 

«J.434'*00:-01 

2 • 0  3 1 99o  E 

on 

* .  93»i970F-  14 

3.P0F200F-O1 

o.n/9'.OOl-Ol 

2 • 0*97 I 0  E 

no 

5. 333^00^-^4 

3»t3e90CE-*'J 

<»  •  =  r  a  n  o  n  c-  o  l 

P.OHS'.^nE 

nc 

5.75F670F--* 

3.‘7H9CCE---1 

</.9M'-nnE-o! 

2 . 0  7H  f 2  QE 

cc 

6.?U*>6?0F-  4 

3.W*0CE-71 

l.fil*' 10E  CO 

2.0H**^4r,E 

00 

9  0  r^1 1'  (~ 

4.^03  7'OOE-Ol 

l  .phi  *5n£-oo 

2V095b60£ 

9.1 

7.?0*S40E- 74 

4.4H9/00E-OI 

l.l2P7flf  00 

2. 09  78  70  E 

0*1 

7.751010F--74 

4.7d7J00F-01 

1.1S47P0E  00 

2.09E210E 

00 

*.13P070F-''* 

I .  rZM4  0^7i'? 
l.f>^725aE-T1 

i.iweoE-ni 

I  .24/39  OF-M 

1  .■*2*  200F-T3 


S.n97t00E-<11 
5.*  l^OOi-Ol 
*.752*00~-M 

oo  z- nT 

5.44la00E-Ul 
fi.79??ong-oi 
7. I**500fc-01 
7. *91  700E-D1 


1.607090F--3 

7.«»3H4CCF-ftl 

l.s“l -r0F 

00 

1.7o«'j4nE 

v 

iT^rrnTF^T'  ■ 

—ari=CflnoE-Jii " 

“1 .7^feb4  0E' 

-PC“ 

*  *  .4h5'<  *nE 

Oft 

1.-73740F--  3 

8.*03noOE-Cl 

1  ,PLLJ*Qr 

oc 

:  .40wh  *nE 

no 

1  .*.5S96nE-#,3 

3.74  /400E-O ] 

1  .?1« 

00 

1 .530*50E 

0  « 

1 .744830F-O3 

9.00500nF-Ol 

1.190*705 

OO 

1 .45?] 7PE 

0  1 

1 .93l*?0E-n3 

9.232300F-01 

1.1407505 

no 

1 .376220E 

on 

1 .91 H800F-ftl 

9.*27?O0E- 9 1 

1 .i 314905 

nn 

1.304 /09E 

on 

^.ftO^RHO^-i'T 

9.5dH°00t-ni 

1.  1  02-H05 

no 

1 .?39*>0E 

O'l 

2.’'9b990'-i3 

O.717*,00t-ni 

*  .*  /73S«I 

no 

1  .l*;dd4E 

Oft 

2. '3o540'-n  » 

9.315300S-01 

»  .-55  <9n5 

on 

1  .  1  3294  *»E 

on 

2.27qno--n3 

9.H8(i900r-ill 

l.*»37*i20C 

no 

1  .C9305'*E 

no 

2 . 37  437  OF- *•  3 

0.935 *00E-ni 

1 .4R3PA05 

00 

1  •  0  b  1 9  7  0  E 

on 

2.472090E-«3 

9.96c900t-l'l 

1 .ftl*IOOE 

00 

1  ,n3K9AnE 

on 

2.E  Fo’B'P'oE^O  3  " 

-9Tv83h00E-u"1  T.nOF^nCC' 

>0 

l'.n2?-»2riE 

no 

2.ft4 IEOF-03 

9.593100c- jl 

l .nn37/c£ 

00 

1 .  ftl 2*PftE 

OP 

2.75F09CE-n3 

9.95/eCCE-*'l 

l.nni*c0F. 

CO 

l.ftftSdOOE 

O'; 

2.9  1  B620F--*  3 

9.995?CCE-i:i 

1.000-  30E 

CO 

■,.ftO??7nE 

0  1 

3.04fc420E-'“3 

9 ■ 995n0CE-O ] 

1 . 4un^i he 

no 

1  .OOltHnE 

00 

3.3821 10F-A3 

l.nnnnooE  no 

i  ,«no  «^o»: 

no 

1  .000  <6oE 
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